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Abstract
Lignocellulose degradation is being explored as part of the process of bioethanol production 
from waste products, such as wood-flour. Identified as a natural lignin degrader and its 
ability to  produce cellulase enzymes, Streptomyces viridosporus was deemed worthy of 
investigation for lignocellulose degradation. It has the ability to degrade lignin, 
hemicellulose and cellulose components of lignocellulose substrates by secreting a large 
range of lignocellulose degrading enzymes, including peroxidases, esterases, 
endoglucanases and xylanases. Experiments in other laboratories had show that this 
Streptomyces species is capable of degrading both hard- and soft- wood substrates, as well 
as grass lignin lignocellulose.
Using a continuous (chemostat) culture and employing carboxymethylcellulose (CMC) as the  
main carbon source, five dilution rates were investigated (0 .0 5 h '\ 0 .0 7 h '\ 0 .0 9 h '\ O .llh '^  
and O.lSh'^) and the effect of mycelium taken from  steady state cultures, on the  
lignocellulose degradation of wood-flour by S.viridosporus analysed.
Employing in vivo and in vitro techniques the complex relationship between lignocellulose 
components and cellulase enzymes were investigated, as well as the effects of amino acids 
and nutrient limitations on cellulase activity. In particular, a critical sequence of enzyme 
activity and precursor liberation for successful degradation to glucose was identified.
W e have obtained conditions whereby S.viridosporus can successfully degrade 
lignocellulose, without using all the liberated sugars as a carbon source. Liquid cultures of 
S.viridosporus were able to liberate glucose from wood-flour (mesh size 40). This finding 
indicated considerable potential for using this species in lignocellulose degradation for 
commercial exploitation (as a precursor to bioethanol production). However, S.viridosporus 
liquid cultures have a pre-disposition to  form pellets (discrete islands of hyphal growth) 
which can inhibit the effectiveness of some hyphal species in biotechnological processes 
(such as antibiotic biosynthesis). The pelleting of cultures was reduced by the selection of a 
non- pelleting strain via a prolonged continuous culture.
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Chapter 1: Introduction
An increased awareness of the reducing fossil fuel reserves, their sustainability and security 
of supply has led to  a worldwide heightened interest in alternative fuels, including biofuels 
(Froese e ta l.,  2008; Budarin e ta l., 2010; Petrova and Ivanova, 2010). A biofuel, as described 
by the online Oxford dictionary is 'a fuel derived immediately from living m atter'.
In the UK, a group based within the BBSRC (Biotechnology and Biological Sciences Research 
Council) was set up in order to research into these alternative fuels. The resultant IBTI 
group (Integrated Biorefining research and Technology Initiative) consists of academic and 
industrial partners that work on the production of biofuels, and other chemical products of 
commercial importance from renewable sources using biotechnical approaches. Funding for 
the initiative is provided by BBSRC, EPSRC and a consortium of companies. This PhD project 
was funded by the IBTI initiative.
1.1 Introduction to biofuels
Biofuels, in common with all alternative energy sources, must have a net energy gain that is 
economically competitive and scalable (Flill et al., 2006). Additional attributes are the  
environmental benefits and lack of negative impact on food supplies (Hill et a!., 2006). 
Promising biofuels include biodiesel and bioethanol. The form er consists of alkyl esters of 
long chain fatty  acids that originate from plant or animal tissues (Krawczyk, 1996). Currently, 
biodiesel is produced from farming crops, for example, rape seed, grown intentionally for 
production of fuel (Xiao and Gao, 1999). Although this process shows potential, it competes 
for land space that could be used for food crops (Xiao and Gao, 1999). To overcome this 
competition for crop space, research is being carried out on the design of processes that 
convert algae into biodiesel (Vijayaraghavan and Hemanathan, 2009). In this case, the algae 
are cultured in fresh w ater, sewage and non-arable land such as desert locations (Biello, 
2011). The use of algae for biodiesel production has shown real potential as an alternative  
energy source, producing a higher yield of biodiesel compared with traditional oilseed 
substrates (Vijayaraghavan and Hemanathan, 2009). Other beneficial characteristics of
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manufacturing processes for this source of biodiesel include their ability to remove 
pollutants w ithout compromising product quality (Vijayaraghavan and Hemanathan, 2009). 
In addition to  biodiesel, algae produce hydrogen, m ethane and ethanol, all of which can be 
used as alternative energy sources (Vijayaraghavan and Hemanathan, 2009). Production of 
biodiesel from algae, however, is not w ithout its problems. Algal cultures grown in open air 
tanks or ponds are susceptible to contamination (Biello, 2011). Other difficulties include 
algae adhering to the machinery and the cost of extraction (Biello, 2011).
Bioethanol is being developed in parallel with biodiesel. Bioethanol production, currently, is 
based on yeast producing ethanol, using sugars originating from starch based substrates 
from crops such as sugar cane (Biello, 2011).
Brazil, which is thought to be virtually energy independent (Froese et al., 2008), produces 
bioethanol on an industrial scale, using sugarcane as the substrate (Froese et al., 2008). 
Unlike the United Kingdom (UK), Brazil has some unique factors that make this process more 
feasible, including low-cost labour, millions of acres of unused arable land and a climate 
which generates an all year round growing season (Froese et al., 2008). Despite its success 
in Brazil, the industrial process still has room for major improvements; for example, it is 
currently estimated that the replacement of all the United States transportation fuels with  
bioethanol produced from corn based substrates, would require total farmland 
approximately three times the size of the continental U.S (Biello, 2011).
First generation bioethanol is produced from  substrates derived from food crops, for 
example sugarcane (Petrova and Ivanova, 2010). These crops actively compete with  
farmland used for food, thus having a 'knock- on' effect on food prices (Biello, 2011). In an 
attem pt to make bioethanol a more feasible energy source, current research is focussed on 
the use of bio-waste products as substrates for bioethanol production. This is known as 
second generation bioethanol (Petrova and Ivanova, 2010). Lignocellulose is one of these 
bio-waste substrates, originating from plant material, it contains a proportionate am ount of 
ferm entable sugars, in the form of cellulose and hemicellulose (Walker, 2014). The presence 
of lignocellulose can be identified in a variety of waste products, such as corn stover, w ood- 
flour, wheat straw and waste paper pulp (Biello, 2011).
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1.2 Lignocellulose biomass
Lignocellulose is found in plant m atter and amounts to about half of the total biomass 
produced by photosynthesis (Perez et ol., 2002). It consists of three main components; 
cellulose (the main component), hemicellulose and lignin (Figure 1), which make up the cell 
wall of plant cells (Van Wyk, 2001). Cellulose is the core component of plant cell walls and 
the most abundant polysaccharide on the planet (Bayer et al., 1998a).
Lignin
Cellulose
H em icellu lose
Figure 1: The basic outline of the lignocellulose structure present in plant cell walls, 
illustrating the cellulose fibrils containing cellobiose polymers, attached to one another via 
hemicellulose containing branched polymers of a pentose sugars, covered in a protective 
layer of lignin; a heteropolymer of phenylpropane. Modified from (Perez et a!., 2002).
1.2.1 Cellulose
Cellulose, the main component of lignocellulose, makes up 45% of the total dry weight of 
wood (Perez et a!., 2002). Its structure consists of long polymer chains of cellobiose 
molecules (Perez et a!., 2002), that consist of tw o D-glucose molecules attached to  one 
another by 1, 4- glycosidic bonds (Sakon et a!., 1996).
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In plants, once synthesised by the cellulose synthase complex, located in the plant cell 
membrane, the cellulose chains spontaneously adhere to  each other along their lengths 
using hydrogen bonds and Van der W aal forces (Teeri, 1997), to produce elemental fibrils 
(Perez et al., 2002). The elemental fibrils then join together in bunches producing 
microfibrils, that are then covered with hemicelluloses and lignin (Perez et al., 2002; Alberts 
et al., 2002). The coated microfibrils then group together to form cellulose fibre (Perez et 
al., 2002).
Crystalline cellulose Amorphous cellulose
Figure 2: A Schematic representation of microcrystalline and amorphous cellulose, the tw o  
forms of cellulose within lignocellulose structure. Cyrstalline cellulose is less prone to  
degradation due to the adherence of the single cellulose polymers to one another 
producing a more organised overall structure. Amorphous cellulose contains the reducing 
ends of cellulose strands, producing a less organised and more susceptible form of 
cellulose. Modified from (Lynd e ta l., 2002).
The structure of cellulose microfibrils is not uniform (Figure 2); consisting of amorphous and 
crystalline regions (Teeri, 1997; Perez et al., 2002). The amorphous region has no regular 
pattern and contains the reducing ends of the single cellulose chains. Thus, the amorphous 
region is more susceptible to  enzymatic degradation than the crystalline form (Beguin and 
Aubert, 1994). In the crystalline regions the middle structure of the cellulose chains adhere 
to each other resulting in a more organised and ordered overall structure (Bayer et al., 
1998a). As a consequence of this crystalline structure, cellulose is partially protected from  
microbial degradation, resulting in the need for cellulase enzyme complexes (enzymes used
20
to  break down cellulose) containing more than one type of enzyme (Bayer et al., 1998a). 
This crystalline cellulose is also resistant to  acid hydrolysis, due to  the hydrophobic nature of 
the microfibrils, unlike hemicelluloses and amorphous cellulose (Himmel et al., 2007). 
Cellulose, in its entirety cannot be used as a carbohydrate source by humans or other 
mammals, as the long chain structure inhibits uptake into mammalian cells (Tucker et al., 
1992).
1.2.2 Hemicellulose
Hemicellulose, is similar to  cellulose, but has a lower molecular weight and the ability to  
crosslink (Perez et al., 2002). It consists of branched polymers of xylose, arabinose, 
galactose, mannose and glucose (Van Wyk, 2001), making up 25-30% of total dry wood 
weight (Perez et al., 2002). The function of hemicellulose is to aid binding of single cellulose 
chains to each other, forming microfibrils and in the process aiding the overall stability and 
strength of the structure (Van Wyk, 2001). The hemicellulose also crosslinks with lignin 
producing a complex web of bonds that help protect against microbial degradation (Van 
Wyk, 2001). In addition, it is also used to  coat the cellulose cores of the microfibrils, along 
with amorphous cellulose, restricting the access of degrading enzymes to the crystalline 
cellulose (Himmel et al., 2007). The main hemicellulose component in hardwood is 
glucuronoxylan. In soft wood it is glucomannan (Perez et al., 2002).
1.2.3 Lignin
Lignin is a complex amorphous heteropolymer, composed of phenylpropane units that are 
attached to one another by a variety of different chemical bonds (Van Wyk, 2001; Perez et 
al., 2002). 50% of the bonds found in native lignin are arylglycerol-(3-aryl ether ((3-0-4) bonds 
(Godden et al., 1992). Lignin provides the cell wall with structural support and defence 
against pathogens and oxidative stress, but also has another role in the w ater transport 
system of plants reflecting its hydrophobic nature (Rio et al., 2007; Perez et al., 2002).
In contrast to  cellulose chains, the synthesis of lignin within the plant is dependent on the  
generation of free radicals (Perez et al., 2002). These free radicals are generated by the  
dehydrogenation of three phenyl propionic alcohols carried out by peroxidases (Perez et al.,
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2002). The three alcohols affected are; coniferyl alcohol (guaiacyl propanol), coumaryl 
alcohol (p-hydroxyphenyl propanol) and sinapyl alcohol (syringyl propanol) (Perez et oL, 
2002).
1.3 Lignocellulose as a bioethanol substrate
The use of cellulose and other components of lignocellulose, containing ferm entable sugars, 
for the production of bioethanol is not a new concept (Yu and Miller, 1980). The use of 
lignocellulose substrates for bioethanol production on an industrial scale, however, is 
relatively new (Walker, 2014). Beta Renewables, a company based in Italy started the  
production of bioethanol from  cellulosic substrates on a commercial scale in 2012, using 
wheat, corn straw, rice straw and eucalyptus as substrates (Walker, 2014). Currently the use 
of lignocellulose substrates for ethanol production in the United States of America is 
growing. In 2014 there are nine companies using this process with plants on a commercial 
scale (Walker, 2014). One disadvantage, at present, in using lignocellulose substrates, is the  
complexity in the production process compared with processes using starches from  corn 
and sugarcane. This complexity arises due to the pre-treatm ent required to  expose the  
cellulose and hemicellulose, making it less cost effective and thus impacting commercial 
scalability (Naik et al., 2010).
There are four main stages in the conversion of lignocellulose to  bioethanol; Pre-treatm ent, 
saccharification of cellulose and hemicellulose, ferm entation of sugars and bioethanol 
extraction.
Pre-treatment of lignocellulose substrates
The pre-treatm ent of lignocellulose substrates is required for several reasons. The 
protective lignin, surrounding cellulose and hemicellulose, provides strength and protection. 
This, therefore, needs to be altered or removed to  ensure access to  the cellulose and 
hemicellulose (Kumar et a!., 2009). Furthermore, the crystalline structure of cellulose also 
requires pre-treatm ent as its overall structure can reduce the rate of hydrolysis (Saritha et 
a!., 2012) and contributes to its insolubility (Lynd et a!., 2002).
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Saccharification of cellulose and hemicellulose components of lignocellulose
This stage in the process involves the hydrolysis of cellulose and hemicellulose components 
to  release monomeric, ferm entable sugars (Hamelinck e t al., 2005). A variety of methods 
have been developed for this hydrolysis, the most popular being the use of cellulolytic 
enzymes, resulting in glucose yields of 75- 95% (Hamelinck e t al., 2005). O ther methods 
include the use of acids, either concentrated, with a glucose yield of 90%, or dilute, with a 
glucose yield of 50-70% (Hamelinck et al., 2005). This project focuses on the use of 
cellulolytic enzymes for the hydrolysis of cellulose and hemicellulose substrates.
Fermentation of sugars to bioethanol
There are three main types of process configurations used to  produce bioethanol from plant 
based materials. Separate Hydrolysis and Fermentation (SHF), Simultaneous Saccharification 
and Fermentation (SSF) and Consolidated BioProcessing (GBP) (Petrova and Ivanova, 2010). 
The ferm entation of sugars is generally carried out by yeasts, following similar principles as 
the beverage brewing process (Petrova and Ivanova, 2010).
Bioethanol extraction and other downstream processes
Distilling is also problematic in the production of bioethanol from cellulosic substrates 
(Biello, 2011). This step in the process separates out the bioethanol from  other compounds, 
however, it uses large amounts of energy and releases CO2 as a by-product. As a 
consequence the process is expensive and not environmentally friendly (Biello, 2011).
1.4 Pre-treatments of lignocellulose substrates
One of the main limitations with using lignocellulose as a substrate for bioethanol 
production, is the pre-treatm ent process, which is needed to  expose and release the 
ferm entable sugars (Biello, 2011). The pre-treatm ent of substrates is one of the most costly 
stages within the process and can account for up to  30% of the total process cost (Yang and 
W yman, 2008). Although cellulose can be degraded into smaller, more utilisable sugars, 
relatively easily, it remains covered by a naturally occurring protective layer of lignin (Perez 
et al., 2002). It is due to this protective layer of lignin that the substrate pre-treatm ent 
process is necessary (Perez et al., 2002).
23
There are several methods for lignocellulose pre-treatm ent, with the most effective being 
the use of harsh chemicals (Yang and W yman, 2008). Concentrated acids and high 
tem peratures can also be used in the pre-treatm ent (W alker, 2014). Although considered 
the most effective, chemical pre-treatm ent is costly (Yang and W yman, 2008), not only for 
the chemicals, but also for operational costs such as equipm ent maintenance and 
replacement as a consequence of corrosion (Kumar et al., 2009; Al vira et al., 2010).
A more cost effective pre- treatm ent process, that can be combined with the cellulosic 
hydrolysis step, is the use of biological enzymes synthesised by microorganisms (Saritha et 
al., 2012). These enzymes can either be used in isolation, or, added within a microbial 
culture (Saritha et al., 2012). As well as the reduced cost, other advantages of a biological 
pre-treatm ent include, a more environmentally sound process, that both uses less energy 
and produces few er downstream inhibitory compounds (Sa rata le and Oh, 2012). The 
process is, however, less efficient compared with chemical processes; with some of the  
liberated sugars being utilised for culture growth, if enzymes are added within a microbial 
culture (Saratale and Oh, 2012).
1.5 Enzymatic lignocellulose degradation
The insolubility of lignocellulose means microbial degradation can only occur outside the 
organism, using extracellular enzymes (Perez et al., 2002). For complete breakdown of 
lignocellulose, microorganisms need tw o enzymatic systems; the hydrolytic system and the  
oxidative and ligninolytic system (Perez et al., 2002). The hydrolytic system is used to  
breakdown the cellulose and hemicellulose components of lignocellulose into smaller, more 
manageable sugars that can be utilised by the microorganism (Perez et al., 2002). The 
oxidative and ligninolytic systems, found in bacteria and fungi, are used to depolymerise the  
protective lignin that surrounds the cellulose (Perez et al., 2002). Lignin depolymerisation by 
some microorganisms is considered to induce cellulose and hemicellulose degradation 
(Godden et al., 1992), highlighting the complex relationships involved in lignocellulose 
degradation.
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1.5.1 Cellulose degradation
Cellulosomes and cellulase enzymes degrade the cellulose component lignocellulose (Zhang 
et al., 2006; Bayer et al., 1998a). These enzyme complexes contain several types of 
enzymes; endoglucanases, exoglucanases and cellobiosidases (also known as (3-glucosidase) 
(Ferez et al., 2002; Tucker et al., 1992). These enzymes work in synergy, whereby the  
product of one is used as the substrate for the next, to  breakdown the long chains of 
cellulose into more accessible glucose molecules (Tucker et al., 1992). Cellulosomes are 
particular cellulase enzyme complexes that are attached to the organism's cells (Bayer et al., 
1998b).
Crystalline cellulose Amorphous cellulose
Exoglucanase 
#  EndoglucanaseCellobiose 2 glucose 
molecules
♦  p- glucosidase
Figure 3: A schematic representation of the cellulase enzymes, exoglucanase, endoglucanase 
and P" glucosidase. Endoglucanase enzymes attach randomly along amorphous cellulose 
chains, cleaving smaller chains of glucose, including cellobiose and cellotriose. Exoglucanase 
enzymes attach to the ends of cellulose chains liberating cellobiose. The cellobiose is then  
hydrolysed into tw o glucose molecules by p-glucosidase activity. Modified from (Perez et al., 
2002).
Endoglucanases hydrolyse the intramolecular P-1, 4-glucosidic bonds found in cellulose 
chains in a unsystematic pattern (Figure 3), thus producing new chain ends that are easily 
accessible to  exoglucanase cleavage (Irwin et al., 1993; Zhang et al., 2006). Endoglucanases,
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crucially have the ability to attach and cleave any accessible p-1, 4-glucosidic bond 
anywhere along a cellulose chain (Kleman- Leyer et ol., 1994; Kleman- Leyer et al., 1996). 
This is achieved by its cleft (or groove topology) (Davies and Henrissat, 1995). This ability to  
cut indiscriminately along cellulose chains causes a rapid decrease in the degree of 
polymerisation, exposing more substrate for other enzymes within the cellulase enzyme 
complex (Kleman- Leyer et al., 1996; Zhang et al., 2006).
Exoglucanases, also known as cellobiohydrolases (Barabote et al., 2009) attach only to the  
ends of the cellulose chains, reflecting their 'tunnel like' topology (Davies and Henrissat, 
1995) and then work along, cleaving off cellobiose and single glucose molecules (Zhang et 
al., 2006). Working in synergy with other cellulase enzymes within the complex, this type of 
cleaving is thought to help expose adjacent cellulose chains, which in turn weakens the  
packing of the chains, allowing endoglucanases easier access to  glycosidic bonds (Irwin et 
al., 1993).
Cellobiosidases, also known as p-glucosidases (Barabote et al., 2009) are used to cleave 
cellobiose into tw o glucose molecules. During the degradation of cellulose, the cleaved 
cellobiose needs to  be hydrolysed efficiently as it can otherwise repress the activity of the  
other enzymes in the cellulase complex (Zhang et al., 2006).
1.5.2 Hemicellulose degradation
Hemicellulase enzymes, synthesised by a variety of microorganisms, hydrolyse 
hemicellulose into more accessible monomeric sugars and acetic acid (Perez et al., 2002). 
Hemicellulase enzymes have been classified into groups depending on their mechanism for 
degradation of different substrates (Perez et al., 2002). Xylan is one of the main building 
blocks of hemicellulose and can only be degraded by a number of hydrolytic enzymes 
working in synergy, some of which are used to depolymerise the chain of sugars, while 
others remove the side chains (Jeffries, 1996). Xylan is firstly cleaved into oligosaccharides 
by the enzyme Endo-l,4-3-xylanase, Xylose molecules are then cleaved from  the  
oligosaccharides by enzyme Xylan 1,4-p-xylosidase. These tw o enzymes are known as 'back 
bone degrading enzymes' (Raweesri et al., 2008). Accessory enzymes are also needed to  
effectively hydrolyse wood xylans and mannans (Kirk and Cullen, 1998). These accessory
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enzymes include; xylan esterases, ferulic and p-coumaric esterases, a-l- 
arabinofuranosidases and a-4-O-m ethyl glucuronosidases (Kirk and Cullen, 1998). The 
degradation of O-acteyl-4-Omethylglucuronxylan (0 A 4 0 ) for example, is carried out by four 
different enzymes. 0 A 4 0  is one of the most common hemicellulose components and in 
particular is the main hemicellulose component in hardwood. The enzymes needed to  
successfully breakdown 0 A 4 0  are; endo-l,4-p-xylanase, acetyl esterase, a - glucuronidase 
and p-xylosidase (Perez e ta l.,  2002).
The principle component of soft wood hemicellulose is 0-acetylgalactoglucomanan, similar 
to the main hemicellulose component identified in hard wood; 0 A 4 0 , the complete 
degradation of this hemicellulose relies on multiple enzymes working together in synergy, 
for example once the polymer has been hydrolysed the side chains are removed by either 
acetyl esterase, ferulic esterase, glucuronosidase or arabinosidase (Jeffries, 1996) . The first 
step in the degradation process is the rupture of the polymer structure by endomannases 
(Perez et al., 2002). Once the polymer structure has been broken acetylglucomannan 
esterases are used to remove accessible acetyl groups, while galactose residues are then  
removed by a-galactosidases (Perez et al., 2002). The oligomers generated by the structural 
breakdown by the endomannases are broken down to smaller molecules by enzymes p- 
mannosidases and P-glycosidases targeting the p-1,4 bonds (Perez e ta l., 2002).
There are numerous forms of xylanase, containing either single or multiple domains, being 
either catalytic or non-catalytic, and can be grouped using their conserved amino acid 
content into tw o groups known as glycanase families; family 10 (formerly F) and fam ily 11 
(formerly G). Family 10 have a smaller substrate binding site but there catalytic versatility is 
better when compared to  enzymes within family 11 (Biely et al., 1997). The difference 
between the tw o families is the molecular weight, net charge and their isoelectric points 
(Kulkarni et al., 1999). The isoelectric point of xylanases is im portant because it determines  
the amount of reducing sugars released from  purified xylan. The isoelectric point of all 
microbial produced xylanases ranges between 3-10, with optimal tem peratures between  
40- 60°C (Kulkarni et al., 1999). Xylanases have been identified in both fungal and bacterial 
cultures, including actinobacteria and bacterial species found in the stomach of ruminants 
(Blanco e t al., 1999). Xylanases originating from  bacterial cultures are usually more heat 
stable compared with fungal xylanases (Kulkarni e t al., 1999), for example a Bacillus species
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has an optimum pH for both growth and enzyme production between 9-10 (Okazaki et al., 
1984). Actinobacteria synthesise xylanases with a pH optimum of 6-7, becoming inactive 
outside of this range (Perez et al., 2002).
1.5.3 Lignin degradation
One of the main roles of lignin is to protect plant cells and components against degradation 
by microorganisms (Kirk and Parrel, 1987). Although some microorganisms contain the  
abilities to degrade lignin, the process is very complex and not yet fully understood (Godden 
et al., 1992). One property that makes lignin difficult to breakdown is its insolubility (Perez 
et al., 2002). As well as insolubility, components within the lignin structure are antimicrobial 
presenting both antifungal and antibacterial activity when exposed (Barber et al., 2000; 
Dong et al., 2011).
The initial step in the bio-degradation of lignin is depolymerisation, via enzymatic 
combustion by non-specific oxidative enzymes (Kirk and Parrel, 1987). Once this is complete, 
two major families of enzymes are used to carry out the rest of the degradation; 
peroxidases and laccases (Perez et al., 2002). Studies conducted using w hite rot fungi 
further support the role of peroxidases' in lignin degradation, highlighting tw o types of 
peroxidases, lignin peroxidases and manganese- dependent peroxidases, that use different 
catalytic mechanisms to degrade lignin (Bonnarme and Jefferies, 1990). W hite rot fungi has 
also been shown to produce laccases (Perez et al., 2002). Peroxidases, laccases and laccase- 
like proteins have also been identified in some bacterial cultures (Alexandre and Zhulin, 
2000; Sharma et al., 2007). Laccases are polyphenol oxidases that use molecular oxygen as 
electron acceptors, catalysing the oxidation of phenolic compounds (Sharma et al., 2007).
Currently more is understood about lignin degradation by fungal species than by bacteria 
(Godden et al., 1992). The degradation of lignin, by fungi, is thought to  be a secondary 
metabolism which is initiated when limited amounts of nutrients are present (Godden et al.,
1992). Bacteria, however are thought to degrade lignin using a primary metabolic process 
(Godden et al., 1992). Bacterial species are considered to use modification, solubilisation 
and depolymerisation to  break down the lignin structure, compared w ith fungi that use 
mostly depolymerisation (Godden et al., 1992). The most abundant bond used in the lignin 
structure is ((3-0-4), therefore the rupture of this bond is very im portant to the degradation
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of the structure (Godden et al., 1992). The breakdown of lignin produces; acid-precipitable 
polymeric lignin (APPL) (Crawford et al., 1983), various single-ring aromatic phenols 
(Ramachandra et al., 1988) as well as other products such as Guaiacol, vanillin, vanillic acid, 
syringic acid, ferulic acid and protocatechuic acid (Iwagami e t al., 2000; Davis and Sello, 
2010).
The (3-ketoadipate pathway (also known as the intradiol or ortho ring cleavage pathway) 
plays a significant role in the utilisation o f lignin derived products (Harwood and Pa rales, 
1996; Masai et al., 2007). This pathway has been identified in most soil microorganisms and 
is widely distributed in the Streptomyces genus (Davis and Sello, 2010; Iwagami et al., 2000). 
This pathway consists of tw o branches and converts aromatic compounds produced via the  
breakdown of lignin (Catechol and Protocatechuate) into acetyl-CoA and succinyl-CoA (Davis 
and Sello, 2010), which are then used in glycolysis as well as the tricarboxylic acid (TCA) 
cycle (Champe et al., 2005). The pathway is also used for the detoxification and degradation 
for chlorocatechols via a slight modification of the pathway (Iwagami et al., 2000). Although 
this pathway is found in a range of microorganisms, it is biochemically and structurally 
conserved (Iwagami et al., 2000).
The relationship between lignin degradation and cellulose degradation is complex, with  
previous results suggesting the presence of lignin inducing cellulase activity (Magnuson and 
Crawford, 1997; Ramachandra e ta l.,  1987). However, in other cases, lignin has inhibited the  
activity of cellulases (Berlin et al., 2006). One way it may do this is perhaps by binding to  the  
enzymes (Saritha et al., 2012).
The products of lignin degradation are clearly available as carbon pools in primary growth 
but it is still unclear as to how much the products of lignin degradation contribute to the  
overall energy metabolism of the bacterial cell (Godden et a i ,  1992).
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1.6 Fermentation process of lignocellulose derived sugars
As discussed earlier, there are three main types of process configurations used to produce 
bioethanol from plant based materials. Separate Hydrolysis and Fermentation (SHF), 
Simultaneous Saccharification and Fermentation (SSF) and Consolidated BioProcessing (CBP) 
(Petrova and Ivanova, 2010),
The process most suited to this project is SHF, a tw o stage process, the first being the  
breakdown of cellulose and hemicellulose into ferm entable sugars. This hydrolysis of 
cellulose and hemicellulose, can either be carried out using enzymes (cellulases & 
hemicellulases) or strong acids and heat (Petrova and Ivanova, 2010). Once this stage is 
complete the second stage of the process can be initiated, either in the same vessel by 
changing conditions and adding components, or in a separate vessel to which the  
ferm entable sugars have been transferred (Petrova and Ivanova, 2010). The ferm entation  
step is usually always preformed by a yeast species (Petrova and Ivanova, 2010). Of note, 
this process, although being the easiest to set up is more tim e consuming and costly 
compared with the SSF process (Petrova and Ivanova, 2010).
By contrast, the SSF process combines the tw o stages, involving the breakdown of cellulose 
and the ferm entation of the released sugars simultaneously (Petrova and Ivanova, 2010). 
This is achieved by adding cellulase enzymes into the ferm entation vessel containing an 
ethanologenic microorganism in the presence of cellulose substrates (Petrova and Ivanova, 
2010; Kang e t al., 2010). There are many benefits to  this combined process, including a 
reduced repression of the cellulase enzymes by end products such as glucose and cellobiose, 
in addition to improved yields of ferm entable sugars (Petrova and Ivanova, 2010). The main 
limitation of this process is the difference in optimum conditions required for cellulase 
enzymes activity and ferm entation by the microorganisms, meaning a compromise between  
the tw o conditions must be m et (Petrova and Ivanova, 2010). This process is used in the  
United States currently corn-based bioethanol industry (Petrova and Ivanova, 2010).
Consolidated bioprocessing (CB) is a further developm ent of the SSF process, using the  
addition of cellulase producing organisms to  produce a mixed community w ith the  
ethanologenic microorganism (Xu et al., 2009) or alternatively the use of genetically
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modified microorganisms that both synthesise cellulase enzymes and then subsequently 
ferm ent the released sugars (Petrova and Ivanova, 2010). These modifications have so far 
been engineered in strains such as, Escherichia coil, Klebsiella oxytoca, Zymomonas mobilis 
and the yeast Saccharomyces cerevisiae (Petrova and Ivanova, 2010).
In this study, the process of separate hydrolysis and ferm entation has been employed. The 
hydrolysis was carried out by a cellulolytic microorganism with the degradation products 
then being available for ferm entation via yeast. The main focus of this study was to achieve 
efficient hydrolysis of cellulose present in lignocellulose substrates.
1.6.1 Cellulosic degrading microorganisms
Cellulosic degrading microorganisms have been isolated from  environments such as insect 
guts, cattle gut and soil samples. Although many cellulose degrading microorganisms have 
been identified, only a limited number have a ability to fully hydrolyse crystalline cellulose 
(Muthuvelayudham and Viruthagiri, 2006).
The first studies of cellulolytic enzymes isolated from animals occurred in the 1890's, 
focusing on the land snail Helix pom atia  (Biedernann and Mortiz, 1898). Further research 
studies have found a number of insects harbouring cellulase producing microorganisms, for 
example the term ite Reticulitermes flavipes has been found to have a symbiotic relationship 
with a protozoan, isolated from its hindgut (Cleveland, 1924). Termites, including term ites  
from the Termitidae family and others contain a flora of prokaryotes in their hindgut, 
instead of the protozoan fauna (Krishna, 1970). Cellulase producing bacteria have also been 
isolated from other insects, including the longicorn beetle Saperda vestita and bark beetles, 
Ips pin! and Dendroctonus frontalis  (W atanabe and Tokuda, 2010).
Several cellulolytic bacterial species have been isolated from  the rumen of cattle, including 
Bacteroides succinogene, Ruminococcus albus and Ruminococcus flavefaciens (Halliwell and  
Bryant, 1963). Attem pts have been made to utilise these cellulolytic bacteria to  degrade 
waste (cellulose containing) products, but due to the complex environm ent of the rumen, 
difficulties have arisen in the recreation of the optimum conditions (Hu et al., 2005).
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Soil and compost have also been identified as niches for cellulolytic microorganisms, with  
most soil dwelling microorganisms utilising plant material as nutrient sources (M ayende et 
al., 2006). Screening of soil samples for cellulase producing organisms have been conducted 
from Gold mines in the United States of America (Rastogi et al., 2009) to as far afield as Iran 
(Rohban et al., 2009). Soils from more extrem e environments have also been analysed, for 
example the salt lakes at Yellow Stone Park, Wyoming, USA (Mohagheghi et al., 1986). M ore  
commonly analysed have been compost heaps (Ryckeboer et al., 2003; Yu et al., 2007; 
Tuomela et al., 2000; M ayende et al., 2006), where lignocellulose degradation has been 
thought to take place on a more intense scale(Yu et al., 2007).
One of the most studied and industrially significant lignocellulose degrader is the fungus 
Trichoderma ressei {T. reesei) (Vitikainen et al., 2010; Muthuvelayudham and Viruthagiri,
2006). Its' secreted cellulases being commercially available as Sigma C2730. T. reesei was 
first isolated during World W ar Two on the Solomon Islands (Reese, 1976), from  which all 
strains used in industry and for research purposes have been since derived (Vitikainen et al., 
2010). The cellulases produced by T. reesei are used in a variety of industries including 
bioethanol production, textile, food processing and the pulp and paper industry (Vitikainen  
et al., 2 0 1 0 ).
1.7 Actinomycetes
Actinomycetes are one of the most studied groups of bacteria isolated from  soil (McCarthy 
and Williams, 1992). The group consists of gram-positive bacteria that tend to  form  
branching filaments known as mycelium. Actinomycetes contain a relatively high GC 
content, ranging from 63- 78% (Madigan and M artin ko, 2006). Most actinomycetes have 
some ability to form spores. The variation in spore form ation can be used to  separate sub­
groups of bacteria (Madigan and M artin ko, 2006). The spores formed by actinomycetes tend  
to  be borne on aerial hyphae and adapted for air dispersal, with more similarities with  
fungal conidia than endospores produced by other bacterial species (McCarthy and 
Williams, 1992). Using Streptomyces species as an example of filamentous, spores producing 
Actinomycetes, growth occurs mainly at the hyphal tips via cell- wall extension (Chater,
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1993). As growth continues at the hyphal tips the cells towards the middle of the colony 
start to  slow in growth and accumulate glycogen and other storage compounds such as 
lipids. A fter a tim e, approximately tw o days in laboratory conditions aerial hyphae starts to  
form, located more towards the middle of the colony (Chater, 1993). During the synthesis of 
aerial hyphae many cells within the substrate mycelium start to  die. The extension and 
sustainability of aerial hyphae requires osmotic pressure. This pressure can be generated by 
the solubilisation of glycogen (Chater, 1989). Once the extension of aerial hyphae ceases 
cross-walls are formed dividing the hyphae into regularly spaced compartments that will 
later become spores. The cross-walls that form  within aerial hyphae are morphologically 
different to  those formed in vegetative hyphae. As well as being regularly spaced, they  
typically consist of tw o membrane layers that are separated by a double layer of cell wall 
material (Locci and Sharpies, 1983). This arrangement of membranes ensures successful 
separation of adjacent spores within the spore chain. Each spore chain synthesised can 
contain a large number of spores, with a typical Streptomyces colony producing a yield of 
10^ spores after 4-6 days growth on minimal agar medium (Chater, 1993).
These organisms are well documented to  produce a variety of secondary metabolites and 
secrete a range of extracellular enzymes, increasing their capability to  utilise an array of 
nutrient sources (McCarthy and Williams, 1992). In soil actinomycetes are usually present at 
10^- 10^ cfu/g, with a predominance of Streptomyces species (McCarthy and Williams, 
1992). Acintomycetes primary carbon sources in soil are polymeric and insoluble, requiring 
the secretion of enzymes during the colonisation of the substrate (McCarthy and Williams, 
1992). In terms of biodégradation, actinomcyetes have received until now the most 
attention of the prokaryotes (Godden et ol., 1992), with evidence of actinomycete- 
mediated lignocellulose degradation playing an im portant part in the composting process 
(McCarthy and Williams, 1992). Although endoglucanse activity is thought to  be widespread  
amongst actinomycetes, 'good' activity against native cellulose is apparently infrequent 
(McCarthy and Williams, 1992).
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1.7.1 Acidothermus cellulyticus
Acidothermus cellulolyticus {A. cellulolyticus) is a Gram variable actinomycete (Rainey and 
Stackebrandt, 1993). It was first isolated in 1986, during a screening experiment for cellulase 
producing thermophiles at Yellowstone National Park (Mohagheghi e t oL, 1986). 
Thermophile cellulase producers are thought to be ideal candidates for lignocellulose 
degradation, with the general expectation being that the enzymes produced would be more 
heat stable than ones produced by mesophiles. This being an advantageous during the high 
tem perature degradation process and pre- treatm ents (Mohagheghi e t al., 1986). Three 
heat stable cellulases are known to be produced by A. cellulolyticus , all of which are active 
between tem peratures ranging from  20°C to 110°C and relatively pH stable, being active 
between pH 2-9 (Tucker et al., 1992). Further analysis of the genome has shown genes 
encoding for 1 0  proteins predicted to be involved in fungal cell wall degradation and six 
proteins involved in hemocellulose degradation, including tw o xylanases, 3 xylan esterases 
and xylosidase (Barabote e t al., 2009).
W ith the secretion of three heat- and pH- stable cellulase enzymes, theoretical production 
of hemicelluloses degrading enzymes (Barabote e t al., 2009) in growth conditions of 55°C  
and pH 5 (Mohagheghi et al., 1986), this organism is theoretically an ideal candidate for 
lignocellulose bio-degradation. Difficulties were found, however, during preliminary 
experiments carried out in the laboratory. Submerged cultures could be grown using the  
recommended culture media from ATCC, but a series of attem pts, trying to  grow cultures on 
solid media did not result in colonies. M ore information about the preliminary experiments 
and subsequent data and analysis can be found in Appendix 1. The inability to  grow cultures 
on solid culture media m eant A. cellulyticus could not be used for this project.
1.7.2 Streptomyces species
Streptomyces species are known mostly for their importance in the pharmaceutical industry, 
with tw o thirds of all antibiotics of microbial origin deriving from Streptomyces species 
(Butler et al., 2002). Streptomyces can be isolated from a range of environments such as 
aquatic habitats they are primarily associated with soil, especially alkaline and well-drained  
soils such as sandy loams (Madigan and M artin ko, 2006). In soil they are the predom inant
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actinomycete and responsible for the earthy odour of soil, due to the presence of geosmins 
(Madigan and M artin ko, 2006). Streptomyces are filamentous bacteria that contain the 
highest GC content among bacteria ranging from 67- 74% (Bently et al., 2002). Streptomyces 
species, like the majority of actinomycetes form  spores during times o f stress. These spores 
are formed from aerial hyphae that develop into chains of spores and subsequently released 
(McCarthy and Williams, 1992). On solid substrate, under appropriate conditions, a single 
Streptomyces spore can germinate producing a germ tube. Hyphae forms from the germ  
tube, branching out from the point of spore germination, exploiting all nutrient sources in 
its path along the surface of the substrate. After lag phase the aerial hyphae develops which 
in turn develops into the chains of spores (W ilderm uth, 1970).
As well as producing a range of secondary metabolites (Hodgson, 2000), including 
antimicrobial compounds, these organisms are facultative oligotrophs, capable of growth in 
both nutrient rich and nutrient poor environments (Williams, 1985). These filamentous, soil 
dwelling organisms extract most nutrients from  plant material, which have a high carbon 
concentration, but often limited in nitrogen and phosphate (Hodgson, 2000). Their 
filamentous morphology, rare amongst bacteria, is seen as an evolutionary advantage in the  
breakdown in lignocellulose (Chater, 2006), being well suited to the colonisation of plant 
material in soil by the following mechanism (McCarthy and Williams, 1992). During the  
colonisation and degradation of plant biomass by Streptomyces species, the immobility of 
hyphae leads to the secretion of degrading enzymes that therefore accumulate in high 
concentrations, which in turn yield high concentrations of simple sugars that can be utilised 
for growth (Hodgson, 2000). Once nutrients have been later depleted mycelial growth  
ceases and aerial hyphae starts to  form , developing into chains of spores (Chater and Losick, 
1997).
Screening experiments have found that most isolated Streptomyces species have the ability 
to  secrete enzymes that can degrade cellulose in the form of carboxymethylcellulose. 
However, activity towards cellulose in the form of microcrystalline cellulose being much 
rarer, with only 25 successful Streptomyces species out of 180 tested in one series 
(Wachinger et al., 1989). As well as secreting cellulose degrading enzymes, Streptomyces 
reticuli (S. reticuli) has been identified to contain mycelium- associated cellulases, known as 
cellulosomes (Wachinger e t al., 1989). M ore recently. Genome analysis of S. reticuli has
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identified a novel ABC transporter, which allows the uptake of products from  cellulose 
hydrolysis; cellobiose and cellotriose (Chater et al., 2010).
Additional screening experiments have also highlighted some Streptomyces species capable 
of lignin degradation and utilisation of the subsequent products (Crawford et al., 1983), with 
even some non- lignin degrading Streptomyces species having the ability to  utilise lignin 
derived products (Davis and Sello, 2010). As previously mentioned, the P-ketoadipate 
pathway, associated with the utilisation of lignin derived products is widely distributed 
within the Streptomyces genus (Davis and Sello, 2010). Genes associated with the  
'scavaging' of lignin derived compounds suggest that products from lignin degradation can 
also be utilised by some Streptomyces species (Davis and Sello, 2010).
1.7.3 Streptomyces viridosporus
Streptomyces viridosporus [S.viridosporus) was first isolated by D.L Sinden in 1979 from  soil 
samples taken in Idaho (Magnuson and Crawford, 1997). S. viridosporus is a mesophile, with  
an optimum growth tem perature of 37°C (Ramachandra et al., 1988; Crawford et al., 1983). 
It has the ability to degrade lignin, hemicelluloses and cellulose components of 
lignocellulose substrates (Ramachandra et al., 1988) by secreting a large range of 
lignocellulose degrading enzymes (Ramachandran et al., 2000), including peroxidases 
(Ramachandra et al., 1987), esterases, (Magnuson and Crawford, 1992), endoglucanases 
(Ramachandran et al., 2000) and xylanases (Ramachandra et al., 1987). Experiments have 
shown that this Streptomyces species is capable of degrading both hard- and soft- wood  
substrates, as well as grass lignin lignocellulose (Antai and Crawford, 1981).
Nucleotide analysis has shown that the endoglucanase enzyme produced by S.viridosporus 
has a high amino acid sequence homology with endoglucanase celB produced by 
Streptomyces lividans and the cellulose binding protein, p40, of Streptomyces halstedii 
(Ramachandran e ta l., 2000). Although the identification or activity of exoglucanase and p- 
glucosidase enzymes in S. viridosporus cultures has not yet been published, it is well 
recognised that crystalline cellulose degradation and utilisation, by a microorganism, 
requires the activity of at least one endoglucanase an d / or one exoglucanase and one p- 
glucosidase enzyme (Wachinger et ai., 1989). Taking this in to consideration, and its ability
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to  degrade lignocellulose from a variety of substrates (Antai and Crawford, 1981), there is 
indirect evidence to suggest the presence of exoglucanase and p-glucosidase enzymes in 
this organism.
Xylanase enzymes secreted by S. viridosporus, are highly specific for the hemicelluloses 
compound xylan (Ramachandra et al., 1987), with optimal tem peratures of 65-70°C and pH 
7-8 (Magnuson and Crawford, 1997). Stability of the enzyme is compromised, reducing the  
efficiency of the enzymes to  50% after 30 minutes of exposure (Magnuson and Crawford, 
1997), and at 95°C enzyme activity is completely suppressed (Magnuson and Crawford,
1997). Metals such as Hg^\ Fe^  ^and Cu^  ^also suppress the enzymes activity (Magnuson and 
Crawford, 1997).
One of the main attractions of using S. viridosporus cultures to degrade lignocellulose for 
the production of bioethanol is its ability to depolymerise lignin (Pometto and Crawford, 
1986). This depolymerising process uses an oxidative reaction, producing acid- precipitable 
polymeric lignin (APPL) as an end product (Ramachandra et al., 1988; Pometto and 
Crawford, 1986) as well as aromatic single-ring phenols (Crawford et al., 1983).
Peroxidases, used during lignin degradation have been isolated from S.viridosporus cultures 
(Ramachandra et al., 1987). Four peroxidase isoforms have been reported and are 
separated into tw o groups, each containing tw o isoforms, depending on the cultures age 
(Ramachandra et al., 1987). The first group of peroxidases are secreted during early log 
phase, peaking during the stationary phase and decreasing rapidly at the end of the  
stationary phase (Ramachandra et al., 1987). The second set of peroxidases are also 
secreted during the early stages of the log phase and active throughout the stationary phase 
(Ramachandra et al., 1987). These findings are consistent with a review that suggested that 
lignocellulose degradation occurred predominantly during the primary growth stages of a 
Streptomyces culture (McCarthy, 1987).
The peroxidase synthesised by S.viridosporus is a heme protein, that oxidises lignocellulose 
samples to a greater extent when comparing milled corn lignin w ith just cellulose w ithout 
lignin, (Ramachandra et al., 1988). This result suggests the relationship between  
lignocellulose degrading enzymes and lignocellulose substrates is intricate, and is clearly not 
yet fully understood. Esterases produced by S. viridosporus are also im portant during lignin
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degradation (Magnuson and Crawford, 1992). They cleave ester bonds that link either 
aromatic acids to  lignin or attach the lignin to hemicellulose (Magnuson and Crawford, 
1992).
Experiments using APPL over producing mutant strains, found that there was an increase in 
cellulase activity (Magnuson and Crawford, 1997; Ramachandra et al., 1987). These results 
hinted that cellulases may also be involved in the degradation of lignin (Magnuson and 
Crawford, 1997; Ramachandra et a!., 1987) , either by the increased exposure of lignin 
during the breakdown of cellulose (Ramachandra et a!., 1987) or due to inducing abilities. 
Either way these results, once again, highlight the complexity in the lignocellulose 
degradation process via these microorganisms.
Taking in to account these attributes, S. viridosporus was considered an ideal candidate for 
these studies. Its ability to depolymerise lignin as well as degrade cellulose is a valuable 
characteristic. W ith attem pts to simplify and reduce costs involved in the conversion of 
lignocellulose substrates to bioethanol, the use o f a microorganism that can both remove 
lignin and hydrolyse cellulose prior to  ferm entation made it an attractive prospect.
1.7.4 Pellet formation In Streptomyces cultures
In light of the importance of Streptomyces to  the pharmaceutical industry, there is a 
considerable am ount of previous knowledge available for undertaking practical studies with  
these species in liquid culture. However, due to their filamentous morphology, 
Streptomyces have a tendency to  form 'pellets' in submerged cultures (Cox et ai., 1998). 
These pellets, being the product of entanglement of hyphae, can affect the physiology of 
the culture (Hobbs et al., 1989), with hyphae in the centre o f the pellet becoming nutrient 
and oxygen limited (Hobbs et al., 1989). These oxygen and nutritional limitations cause 
restrictions in growth and can, in extreme cases cause cell death and autolysis (Cox et al.,
1998). In certain cases, however, such as citric acid production, using Aspergillus niger 
cultures, the formation of pellets in a culture is seen as a prerequisite for successful 
production (G om eze ta l., 1988).
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Several factors are thought to  contribute to  the formation of mycelial pellets, including 
genetics, inoculum size, growth rate, pH and tem perature (Braun and Vecht-Lifshitz, 1991). 
W ith these in mind, several suggestions have been put forward to reduce culture pelleting, 
these include, a reduced inoculum size, a high growth rate, maintaining the pH between 5-6 
and culture agitation (Braun and Vecht-Lifshitz, 1991). Other suggestions include the use of 
nitrogen- limited culture media, an increase in dissolved oxygen concentration (Braun and 
Vecht-Lifshitz, 1991) and the reduction of cations, especially Ca^  ^ from culture media 
(Miguelez et ol., 1993). Culture tem perature and its subsequent effect on pelleting has 
revealed conflicting results, w ith some investigators stating reduced growth tem peratures 
induce dispersed growth (Braun and Vecht-Lifshitz, 1991), while others have shown, for 
example, Streptomyces grlseus to produce a more homogenous culture when cultured at 
37°C compared with 30°C (Kim and Kim, 2004).
Investigations using Streptomyces coelicolor identified that the addition of polyanions into 
the growth media, reduced pelleting in cultures and the problems associated with pelleted  
growth (Hobbs et al., 1989). Polyanions are polymeric compounds that are thought to 
disperse growth by electrostatic repulsion between spores and cells (Jones et al., 1988). This 
repulsion is believed to prevent the initial aggregation of spores and subsequent 
entanglement of mycelia (Jones et al., 1988).
1.8 Genome sequencing, assembly and annotation
The ability to sequence genomes has had a striking impact on our scientific knowledge and 
has been applied to a variety of fields and subjects (Rothberg and Leamon, 2008).
'Next generation' genome sequencing techniques have been developed in the past ten  
years, with new methods that have expanded preparation protocols and perfected  
resolution to single base precision, with run times between 8  hours to  1 0  days depending on 
the platform used (Mardis, 2008). Next generation sequencing has been developed from  
first generation sequencing, which is based on the method produced by Sanger in 1977  
(Dale and von Schantz, 2007). Before the publication of the dideoxynucleotide procedure by 
Sanger the majority of DNA sequencing was carried out using a complex and tim e
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consuming method that involved transcribing the DNA fragm ent into RNA and then  
sequencing the RNA product (Glick and Pasternak, 1998). The Sanger method, also known as 
the dideoxynucleotide procedure is based on the synthesis and incorporation of the  
synthetic dideoxynucleotide molecule. This molecule has the ability to  inhibit DNA synthesis 
due to the lack of hydroxyl group at both 2' and 3' carbons of the sugar moiety (Glick and 
Pasternak, 1998).
The development of these next generation sequencing techniques has produced a variety of 
different platforms for DNA sequencing, including Roche/ 454 FLX (Rothberg and Leamon, 
2008) and the Illuminai Solex Genome Analyser, all of which work on the principle of 
amplifying single strands of a fragm ent library (Mardis, 2008). Sequencing reactions are then  
performed using these amplified strands (Mardis, 2008). Fragment libraries used in next- 
generation sequencing techniques are produced by annealing platform - specific linkers to  
fragments of DNA generated directly from the genome sample (Mardis, 2008). Once 
sequenced using next generation sequencing techniques, the fragments produced still need 
to assembled in order and annotated to  produce workable data.
1.8.1 Roche/ 454 FLX Pyrosequencer
The Roche/ 454 FLX Pyrosequencer platform was first released in 2004, becoming the first, 
next- generation sequencing technique to  be commercially available (Mardis, 2008). This 
method is based on an alternative technology; pyrosequencing (Rothberg and Leamon, 
2008). Pyrosequencing works on the basis of releasing pyrophosphate with the  
incorporation of each nucleotide by DNA polymerase (Ellegren, 2008). This release of 
pyrophosphate initiates a series of reactions with the end result being a release of light 
produced by the firefly enzyme, luciferase (Mardis, 2008). The am ount of light produced 
being proportionate to  the number of nucleotides incorporated (Ellegren, 2008).
The library is produced by first attaching 454- specific adapter sequences to  the blunt ends 
of the DNA sample (Mardis, 2008). These fragments are then mixed with agarose beads that 
have surfaces covered with oligonucleotides that are complementary to the adapter 
sequences attached to the sample fragments (Mardis, 2008). Using these complementary  
sequences the DNA fragments align and attach to the surfaces of the beads (Mardis, 2008).
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Once attached, the fragm ent/ bead complexes are emulsified in individual oil: w ater 
micelles that contain polymerase chain reaction (PCR) reagents (Mardis, 2008). 
Amplification, during the therm al cycling (emulsion PCR) of these micelles produces 
approximately 1 million copies of each DNA fragm ent attached to the surface of the beads, 
that are then sequenced en masse (Mardis, 2008).
1.8.2 Illumina Genome Analyser
This sequencing technique is performed in an automated device called a cluster station 
(Mardis, 2008). It uses glass, sealed, 8 - channelled flow cells that contain a lawn of 
oligonucleotides on which to carry out fragm ent amplification (Mardis, 2008). D ifferent DNA 
sample libraries can be added to the eight channels, increasing the techniques flexibility. 
Once amplified, the sequencing of fragments is carried out by a synthesis approach 
(Ansorge, 2009).
Similar to Roche/454 FLX sequencing, the first step in this technique is the attachm ent of 
specific adapters, to  the ends of the sample DNA fragments. Using these adapters the  
fragments align and hydrolyse to oligonucleotides that cover the surface of the flow  cells 
(Mardis, 2008). Using DNA polymerase the fragments are amplified using bridge 
amplification and fragm ent clusters are form ed, each containing approximately 1  million 
copies of the original DNA fragm ent (Mardis, 2008).
Once amplified, the strands are sequenced using a synthesis approach, during which all four 
nucleotides are inserted into the flow cell simultaneously, with the addition of DNA 
polymerase (Mardis, 2008). These nucleotides contain a base- unique fluorescent label 
which chemically blocks the 3 '-0 H  group, inhibiting the addition of the next nucleotide in 
the sequence (Mardis, 2008). This blocking technique ensures that nucleotides in the  
sequence are added one at a tim e. After the incorporation of a base into the sequence an 
imaging step is carried out to  detect which nucleotide was incorporated (Mardis, 2008). 
Once the imaging step is complete the blocking group is chemically removed, allowing for 
the incorporation of the next nucleotide in the sequence (Mardis, 2008). This sequence of 
events continues for a set number of cycles, determined by the user (Mardis, 2008). Using a
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base- calling algorithm, sequencing and quality is determ ined, with poor quality sequences 
being removed from the Illumina data, via a quality checking pipeline (Mardis, 2008).
1.8.3 Sequence assembly
The end products of autom ated sequencing, such as 454 FLX pyrosequencer and the  
illumina method, are multiple fragments of sequenced genome (Dale and von Schantz,
2007). Before any annotation or analysis of the genome can take place the fragments need 
to  be aligned and connected to  produce a complete genome sequence (M etzker, 2010). 
Computer algorithms are used to compare the fragments and identify over-laps in 
sequence. W here over-laps are identified the fragments are joined to form  Contigs (Dale 
and von Schantz, 2007). This sequence of identification and connection of fragments will 
continue until, ideally, all fragments are joined producing one large Contig equivalent to  the  
genome sequence. The alignment is usually carried out using a reference genome sequence 
of a similar organism as a guide but can be preformed de novo, w ithout the use of a 
reference sequence (Metzker, 2010). There are a number of com puter programs 
commercially available to carry out the alignment of sequence fragments, such as RMAP 
(Smith e t al., 2008), M AQ  (Li et al., 2008) and seqMap (Jiang and Wong, 2008), that work by 
hashing the fragm ent sequences and scanning through the reference sequence (Li and 
Durbin, 2009). Errors occur during sequencing due to  a number of reasons. The most 
common error identified during the illumine method are substitutions. This type of error 
tends to occur when the previous nucleotide incorporated is a 'G' base (Dohm et al., 2008). 
A number of computer programs have been developed to identify and correct these errors, 
such as BayesHammer (Nikolenko et al., 2013) and some alignment programs mentioned  
before, for example M AQ  (Li et al., 2008).
Gaps in sequences can also occur during the sequencing of genomes. These gaps can be 
caused due to a number of reasons, such as difficulties cloning certain fragments of DNA. 
One example is the lack of the over-lapping of sequences, inhibiting the connections of 
Contigs (Dale and von Schantz, 2007). These gaps come in a variety of sizes and can be filled 
using a number of techniques to  complete the genome. Small gaps in sequences can be 
filled using the primer walking method to extend the sequence (Voss et al., 1993). Primer
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walking consists of designing new primer that starts synthesis further along the insert, 
producing a further length of sequence. This additional length in sequence can then be used 
to produce another new primer that, again, starts further along the insert. This pattern can 
be repeated, with each new primer sequencing further along the insert (Dale and von 
Schantz, 2007). Polychain Chain Reaction (PCR) can be used to fill relatively small gaps in 
sequences, but only when the sequences either side are aligned (Paabo et al., 1990).
Although primer walking can be used to  fill large gaps in sequences faster, more appropriate  
methods can also be used. Polychain Chain Reaction (PCR) can be used to fill gaps in 
sequences, but only when the sequences either side are aligned (Dale and von Schantz,
2007). For larger gaps techniques such as the use of super vectors or transposons can be 
applied. Super vectors, such as bacterial artificial chromosomes can be inserted to bridge 
large gaps, accommodating inserts that are hundreds of kilobases long (Shizuya e ta l.,  1992). 
Transposons are mobile genetic elements that have the ability to insert anywhere along 
chromosomes. Transposons are used bridge gaps by embedding a universal primer 
sequence into the transposon which is carried by a donor vector (Beeman and Stauth, 
1997). This will enable the creation of a library of clones that can then be sequenced for 
rapid assembly of the full sequence of the insert.
1.8.4 Sequence annotation
W ith the development of next- generation sequencing, there was a demand for fast high 
through put annotation software, to  cater for the increase in genome sequencing (Overbeek 
et al., 2005). The annotation of genomes coverts the sequence data into a more informative 
form at, including the identification of coding regions, predicting products of sequences and 
identifying other features of the sequence, such as additional information on expression 
signals (Dale and von Schantz, 2007). One of the more im portant steps in data analysis and 
annotation is the identification of open reading frames, once identified the DNA sequence 
can be translated into a protein sequence (Dale and von Schantz, 2007). There are a couple 
of annotation services that allow for public online sequence submission; these include SEED, 
which uses Rapid Annotations using Subsystem Technology (RAST) server and KEGG 
Automated Annotation Server (KAAS) (Aziz e ta l., 2008).
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The SEED annotator uses a subsystem approach to annotate genome sequences and was 
the first system to support this model o f annotation (Overbeek et al., 2005). In 2008 it 
contained the data for over 350 distinct genomes, catering for 120 external users (Aziz et al.,
2008). This approach annotates genes in terms of functions and pathways, grouping genes 
together that im plem ent a specific biological process or structural complex (Overbeek et al., 
2005). SEED was developed by an international collaboration, led by Argonne National 
Laboratory and members of the Fellowship for Interpretation of Genomes (FIG) (Overbeek 
et al., 2004). Using the RAST server, this fully autom ated service, identifies and assigns 
genes to functions, predicting which subsystems are present within genomes (Aziz et al.,
2008). Once annotated the data can be downloaded via the user- friendly interface or used 
to construct metabolic networks (Aziz et al., 2008). The server also allows for comparative 
analysis of genomes (Aziz et al., 2008).
Similar to the RAST server, the KAAS server is an online, autom ated, annotation server (Aziz 
et al., 2008). The server annotates genomes using methods based on sequence similarities 
and bi- directional best hit data (Moriya et al., 2007). Using the KEGG database, genes 
within complete genomes are referenced with KEGG orthology (KO) identifiers (Moriya et 
al., 2007). These KO identifiers, also known as K numbers, are based on best hit information  
using the Sm ith-W aterm an algorithm (Smith and W aterm an, 1981) and are manually 
curated (Moriya et al., 2007). The KAAS server annotates new sequences by assigning the K 
numbers to genes, which can then be used to construct KEGG pathways and classifications 
of protein families (Kanehisa et al., 2006). The KAAS server annotates genes in four steps, 
first a Basic Local Alignment Search Tool (BLAST) is carried out on the selected gene, using 
the KEGG database (Moriya et al., 2007). This is then analysed for its bi- directional hit rate, 
once selected the sequence is grouped by KO, these KO groups are then scored by 
probability and heuristics (Moriya e ta l., 2007).
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1.9 Genome scale metabolic networks
Genome scale metabolic networks (GSMNs) have become powerful tools within systems 
biology (Thiele and Palsson, 2010), becoming a rapidly expanding approach for genome- 
scale analysis (Roberts et al., 2010). GSMN's are flexible, multipurpose tools, being used to  
predict the capabilities of the target organism (Roberts et al., 2010), produce information of 
transcriptional responses that could not be predicted using classical statistical methods 
(Ihmels et al., 2004), predicting cellular behaviour under different physiological pressures 
(Edwards et al., 2001), assisting in the prediction of function from genomic information  
(Shlomi et al., 2007) and assisting in strain optimization for increased production of specific 
metabolites (Burgard et al., 2003).
The first metabolic model to be published was in 1999, using Haemophilus influenzae as the  
target organism (Edwards and Palsson, 1999). Since then GSMN's have be produced for a 
variety of organisms from human pathogens to  model organisms and on to  microbial 
organisms used in the biotechnology industry (Terzer e ta l., 2009).
These computer- based models are reconstructed for target organisms using information  
such as the genome sequence and the association of genes to proteins and reactions, which 
form the basis of a genome- scale genotype- phenotype relationship (Oberhardt et al.,
2009). The models produce a list of mass- balanced, and occasionally charge- balanced 
reactions (Roberts et al., 2010) that use exact stoichiometry of metabolic reactions 
(Oberhardt et al., 2009). GSMN's work on the assumption that m etabolite concentrations 
stay constant over short periods of tim e, allowing a list of reactions that can be used to  
define possible steady- state behaviours of the metabolic network, that can then be 
analysed using a variety of methods to predict the behaviour of the target organism (Varma 
and Palsson, 1994; Yoon et al., 2007).
The most frequent method used to analyse GSMN's is Flux Balance Analysis (FBA) (Roberts 
et al., 2010). During FBA, a metabolic objective function is set, for example biomass 
production. Linear programming is then applied to identify possible steady- state, metabolic 
states that maximizes this objective (Roberts et al., 2010), highlighting pathway fluxes that 
correlate with the synthesis of the objective (Stephanopoulos e ta l., 1998) and providing key
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information for strain optimisation or process design (Bushel! et al., 2006). This method of 
analysis has been applied to  a variety of bio-products, from penicillin (Jorgensen et al., 
1995), vitamins (Sauer et o/., 1996) and amino acids (Vallino and Stephanopoulos, 1993).
Constraint- based models have been applied to cellulolytic microorganisms, where they  
were used as a tool to increase the current understanding of how these organisms function 
and lead to increased degradation of substrates and improved bio-processes (Roberts et al.,
2010). Models have been produced for the cellulolytic and ethanol producing organism, 
Clostridium thermoceilum, consisting of 577 reactions, using 525 intracellular metabolites 
and 432 genes (Roberts et al., 2010). The model has been used to predict gene deletions 
and growth conditions that would increase ethanol production from cellulosic substrates 
(Roberts et al., 2010). The accuracy and reliability of the model was tested using 
experimental data, including growth and by- product secretion of the culture when grown 
using cellobiose and fructose as carbon sources (Roberts e ta l.,  2010).
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1.10 Alms, objectives and impact
Bioethanol production, using lignocellulose substrates, has been highlighted as a potential 
alternative to fossil fuels as a source of energy, since lignocellulose is present in a wide  
variety of agricultural and forestry waste products.
The aim of this study was to  investigate the liberation of substrates that could be used for 
bioethanol production from lignocellulose sources, using Streptomyces species, w ith the  
hypothesis being that Streptomyces can liberate ferm entable sugars from  lignocellulose 
substrate at a faster rate than subsequent utilisation. This was achieved by completing the  
following objectives;
Select a suitable Streptomycete with the ability of producing and secreting cellulase 
enzymes that can be used to degrade the cellulose component of lignocellulose. This 
was carried out by investigating the growth of selected Streptomyces in culture  
medium containing carboxymethylcellulose (CMC) as the main carbon source.
Carry out a continuous culture of the selected Streptomycete to  investigate the  
relationship of glucose liberation from lignocellulose substrate and culture growth  
rate. This was achieved by the use of a chemostat system, allowing for the control of 
culture growth rate and other parameters such as pH, tem perature and aeration.
Optimise the lignocellulose degradation process, increasing the rate of glucose 
liberation from lignocellulose and reducing the rate of subsequent utilisation by the  
bacterial culture. This was achieved using a variety of in vitro and in siiico 
experiments, including investigations into culture media optimisation, such as the  
addition of amino acids and the effects of carbon-, phosphate- and nitrogen- 
limitations on cellulase activity.
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Chapter 2: Materials and Methods
2.1 Preparation of S. viridosporus master cell bank
S.viridosporus cultures were donated to the University of Surrey from W arwick University in 
December 2010, in the form of agar slopes. Using a loop, bacterial culture was scraped from  
the slopes and used to  inoculate stirred flasks (350 rpm) containing M alt Yeast Broth (MYB). 
The flasks were incubated for 48 hours at 37°C. An aliquot of 500 pL of culture was added to  
500 pL of sterile glycerol (40% v/v) and stored in a cryotube at -80°C.
2.2 Preparation of working cell banks
S.viridosporus cultures were grown in malt, yeast and cellobiose broth (described below) for 
48 hours at 37°C in stirred flasks (350 rpm), using a triangular stirrer bar. An aliquot of 500pl 
of the culture was added to 500 pi of sterile glycerol (40% v/v) in a cryotube. A fter mixing, 
the tubes were stored at -20°C. These tubes were used to  inoculate malt yeast extract and 
cellobiose agar plates (described below) that were incubated at 37°C for 72 days. This was 
carried out to ensure the working stock was pure before starting the experiment.
2.2.1 Preparation of other actinomycetes used throughout the project 
Acidothermus cellulolytlcus cultures were acquired from ATCC culture collection (ATCC No. 
43068). The culture was grown in 20 ml Low Phosphate Basal Salt M edium  (LPBM) at 55°C in 
sealed, glass universals. The culture was sub-cultured every 48 to 72 hours, 1 ml into 20 ml 
media. A fter each subculture the culture was checked for purity using a 'w et-prep ' slide and 
a light microscope, method described later. This culture was continuously sub-cultured as 
biomass concentration was very low and poor growth occurred when cultured from  a frozen 
stock.
Streptomyces viridochromogenes DSM 9597, Streptomyces coellcolor M145 and 
Streptomyces coellcolor FCl cultures were grown using MYB and stored using the same 
techniques used for S. viridosporus cultures described previously.
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2.3 Lignocellulose in the form of wood-flour
The natural lignocellulose substrate used was wood-flour. W ood-flour is a waste product 
from the carpentry industry. The wood-flour used during this project was bought from  
Wood Treatm ent Limited (WTL). The size of wood-flour used was 40 mesh, with particles of 
wood being 180 to  500 microns in size.
2.4 Culture media
A variety of culture media were used during this project. Two types of liquid media were  
used during experiments; 'complex media' and 'defined media'. Inoculum media were used 
to promote heavy growth and to culture organisms before inoculating experiments. 
Inoculum media are complex, rich media containing every nutrient needed for optimum  
growth. Defined media in comparison contained carefully determined quantities of specific 
nutrients. Every substance in defined media was recorded and concentrations known. All 
culture media used reverse osmosis purified w ater (RO) as the base and autoclaved for 
sterilisation at 121°C for 15 minutes.
MYB medium was solidified using Agar and used for the identification of organisms, 
checking for contamination and detecting growth.
2.4.1 Complex culture media
Complex media were used to promote optimum growth of the organism.
Low Phosphate Basal salt Medium (LPBM):
NH4CI (Sigma A9434) 1 gL '\ KH2PO4 (Sigma P5655) 1 NaHP0 4 .7 Hz0  (Aldrich 431478) 0.1 
gL’\  MgS0 4 .7 H2 0  (Sigma 63138) 0.2 gL '\ CaCl2 .2 H2 0  (Fisher C /1500 /50) 1 g L '\ yeast extract 
(Oxoid LP0021) 1 gL '\ Sigmacell alpha type 50 (Sigma S5504) 5 gL'  ^and cellobiose (Fluka
22150) 0.5 gL '\ The pH was altered to pH 5.2 using H3PO4 (85%).
Low Phosphate Basal salt Medium with glucose (LPBM-G):
NH4CI (Sigma A9434) 1 g L '\ KH2PO4 (Sigma P5655) 1 g l ' \  NaHP0 4 .7 H2 0  (Aldrich 431478) 0.1  
g L '\ MgS0 4 .7 H2 0  (Sigma 63138) 0.2 gL '\ CaCl2.2 H2 0  (Fisher C /1500/50) 1 g L '\ yeast extract 
(Oxoid LP0021) 1 g L '\ Sigmacell alpha type 50 (Sigma S5504) 5 gL"^  and glucose (Sigma
49139) 0.5 gL' .^ The pH was altered to pH 5.2 using H3PÜ4(85%).
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Minerai Salts Solution:
Yeast extract {Oxoid LP0021) 60 g L '\ NaH2P0 4 .2 Hz0  6.96 g L '\ KH2PO4 1.98 g L '\ MgS0 4 .7 H2 0  
0.2 gL‘\  NaCI 0.2 g L '\ CaCl2.2 H2 0  0.05 gL'  ^ and Trace solution 4 ml. The trace solution was 
added after autoclave sterilisation.
Trace solution: CUSO4.5 H2O 0.0064 g L '\ FeS0 4 .7 H2 0  0 .0011 g L '\ MnCL2.4 H2 0  0 .0079 gL’  ^
and ZnS0 4 .7 H2 0  0.0015 gL'^. Trace solution was sterilised by filtration via a 25m m  sterile 
syringe filter (SFCA membrane) with a pore size of 0.22pm  filter using aseptic techniques.
2.4.1.1 Malt Yeast extract based Broths
All inoculum medium used for Streptomyces species was based around MYB and autoclaved 
for sterilisation at 121°C for 15 minutes.
Malt Yeast Extracts Broth (MYB):
M alt extract (Oxoid LP0039) 10 g L '\ yeast extract (Oxoid LP0021) 4 gL'  ^ and glucose (Sigma 
49139) 4 gL' .^ The pH was altered to pH 7 using NaOH (10 M ).
Malt Yeast Glycerol Broth (MYG):
M alt extract (Oxoid LP0039) 10 gL '\ yeast extract (Oxoid LP0021) 4 gL'  ^ and glycerol (Fisher 
Chemicals) 3680 pi. The pH was altered to pH7 using NaOH (10 M ).
Malt Yeast Cellobiose broth (MYC):
M alt extract (Oxoid LP0039) 10 g L '\ yeast extract (Oxoid LP0021) 4 gL'  ^and cellobiose (Fluka 
22150) 2 gL '\ The pH was altered to pH7 using NaOH (10 M ).
2.4.2 Evans based defined culture media
Defined culture media were used for the Streptomyces species throughout the main 
experiments. All the defined media used were based around a modified 'Evans medium' 
(Evans et al., 1970) and autoclaved for sterilisation (121°C for 15 minutes). The following
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culture media all contain the same trace-elem ents solution described at the end of this 
section (5 ml’ )^. The solution was added to  pre-autoclaved culture medium via a 25mm  
sterile syringe filter (SFCA m embrane) with a pore size of 0.22pm  filter using aseptic 
techniques.
Evans containing carboxymethyicellulose (Evans CMC):
NaHzPOj-ZHzO (Fisher S /3760 /53 ) 3.1 gL \  KCI (Sigma P9333) 0.75 g L '\ iVlgCIz.GHzO (Fisher 
M /0 6 0 0 /5 3 ) 0.25 gL % (NH^zSOj (Fisher A /6480 /5 3 ) 6 .6  g V \  NazSOj (Fisher S /6840 /53 ) 0.28  
gL '\ citric acid (Fisher C /6200 /53) 0.38 g L '\ CaCl2 .2 H2 0  (Fisher C /1500 /50) 0 .028 gL '\ 
carboxymethylceliuiose sodium salt (Sigma 21902) 10 gL '\ MOPS (Sigma M 1254) 10.50 gL^. 
The pH was adjusted to pH7 using NaOH (10 M ).
Evans containing carboxymethylceiluiose (3% Evans CMC):
NaH2P0 4 .2 H2 0  (Fisher S /3760 /53) 3.1 g L '\ KCI (Sigma P9333) 0.75 g l \  MgCi2 .6 H2 0  (Fisher 
M /0 6 0 0 /5 3 ) 0.25 g L '\ (NH4)2S0 4  (Fisher A /6 4 8 0 /5 3 ) 6 .6  gL '\ Na2SÜ4 (Fisher S /6840 /53 ) 0.28  
g L '\ citric acid (Fisher C /6200 /53) 0 .38 gL’S CaCl2 .2 H2 0  (Fisher C /1500 /50) 0.028 g L '\ 
carboxymethylceiluiose sodium salt (Sigma 21902) 30 gL '\ MOPS (Sigma M 1254) 10.50 gL'^. 
The pH was adjusted to pH 7 using NaOH (10 M ).
Evans containing carboxymethylceliuiose- nitrogen limited (Evans CMC N-):
NaH2P0 4 .2 H2 0  (Fisher S /3760 /53) 3.1 g L '\ KCi (Sigma P9333) 0.75 gL '\ MgCi2.6 H2 0  (Fisher 
M /0 6 0 0 /5 3 ) 0.25 g L '\ (NH4)2S0 4  (Fisher A /6 4 8 0 /5 3 ) 2 gL'S Na2S0 4  (Fisher S /6840 /53 ) 0.28  
gL '\ citric acid (Fisher C /6200 /53) 0 .38 g L '\ CaCi2.2 H2 0  (Fisher C /1500 /50) 0 .028  g L '\ 
carboxymethylceliuiose sodium salt (Sigma 21902) 30 g L '\ MOPS (Sigma M 1254) 10.50 gL' .^ 
The pH was adjusted to pH 7 using NaOH (10 M ).
Evans containing carboxymethylcellulose- phosphate limited (Evans CMC P-):
NaH2P0 4 .2 H2 0  (Fisher 5 /3760 /53 ) 0.62 g L '\ KCI (Sigma P9333) 0.75 gL ^ MgCl2 .6 H2 0  (Fisher 
M /0 6 0 0 /5 3 ) 0.25 g L '\ (NH4)2S0 4  (Fisher A /6480 /5 3 ) 6 .6  g L '\ Na2S0 4  (Fisher S /6840 /53 ) 0 .28  
g L '\ citric acid (Fisher C /6200/53) 0.38 g L '\ CaCl2 .2 H2 0  (Fisher C /1500 /50 ) 0 .028  gL'S 
carboxymethylcellulose sodium salt (Sigma 21902) 30 g L '\ MOPS (Sigma M 1254) 10.50 g L '\ 
The pH was adjusted to pH 7 using NaOH (10 M ).
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Evans containing carboxymethylcellulose and cellobiose (Evans CMC+ Celi)
NaH2P0 4 .2 H2 0  (Fisher S /3760 /53) 3.1 g L '\ KCi (Sigma P9333) 0.75 g U \ MgCl2.6 H2 0  (Fisher 
M /0 6 0 0 /5 3 ) 0.25 g L '\ (NH4)2S0 4  (Fisher A /6480 /5 3 ) 6 .6  g L '\ Na2S0 4  (Fisher S /6840 /53 ) 0.28  
gL'S citric acid (Fisher C /6200 /53 ) 0 .38 gL'S CaCl2.2 H2 0  (Fisher C /1500 /50) 0 .028 gL'S 
carboxymethylcellulose sodium sait (Sigma 21902) 10 g L '\ celiobiose (Fiuka 22150) 1.5 gL'  ^
MOPS (Sigma M 1254). The pH was adjusted to pH 7 using NaOH (10 M).
Evans containing w ood-fiour (EWF)
NaH2P0 4 .2 H2 0  (Fisher S /3760/53) 3.1 gL '\ KCI (Sigma P9333) 0.75 gL '\ MgCl2.6 H2 0  (Fisher 
M /0 6 0 0 /5 3 ) 0.25 gL'S (NH4)2S0 4  (Fisher A /6480 /5 3 ) 6 .6  g l  \  Na2S0 4  (Fisher S /6840 /53) 0.28  
gL '\ citric acid (Fisher C /6200 /53) 0 .38 gL ^ CaCi2.2 H2 0  (Fisher C /1500/50) 0 .028 g L '\ W ood- 
flour (mesh size 40) 50 g L '\ tw een 8 0 ,1 0 0  ni'^. The pH was adjusted to pH 7 using NaOH (10 
M ).
Trace- elem ents solution:
The following were dissolved in reversed osmosis purified water.
ZnO 4.1 g L '\ FeClg 3.2 g L '\ MnCb 2 g L '\ CuCb 1.4 gL '\ C0 CI2 4.8 g L '\ H3BO3 0 .62 g L '\ 
N aM o 0 4  0 .0048 g l \  HCL 80 ml l \
2.5 Analytical determinations
2.5.1 Bacterial culture biomass determ ination  
Biomass determ ination using dry cell w eight
Sterile Millipore S-Pak, gridded 47m m  diam eter m embrane filters (0.45 pm pore size) were  
dried using a microwave oven and pre- weighed. The filters were washed by dipping into 
0.01% v /v  tw een 80 and placed onto a filter holder then 2x 5ml of RO w ater was drawn  
through by applying a vacuum. The biomass sample (5 ml) was then filtered through, 
followed by with 3x 5 ml washes of RO water. The filter paper containing the biomass was 
dried again using a microwave oven and re- weighed once cooled. The difference in the  
weight of the filter paper before and after passing the sample was used to determ ine the  
biomass concentration in grams per litre.
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Biomass determination using optical density
The optical density was measured using a spectrophotometer at a wave length of 540 nm. 
Aliquots of 1ml of each sample were used and left to  stand for 10 minutes before a reading 
was taken. This tim e was used to allow for the insoluble cellulose in the medium to settle so 
not to  affect the optical density readings. A sample of LPBM was used as the zero standard.
2.5.2 Sample supernatant glucose concentration using a reflectometer
Glucose concentration was measured in culture supernatant using glucose test strips 
(Merck, Cat No. 1.16720) and an RQflex 2 reflectom eter (M erk). A test strip was dipped into 
the sample supernatant, ensuring the tw o test pads were submerged and held for 15 
seconds. A fter exposure the test strip was left to  dry for 45 seconds, following the  
instructions displayed on the reflectometer. Once the countdown had 10 seconds to  go 
before completing, the test strip was inserted in to the instrument as indicated on the  
reflectom eter display. Once scanned, the glucose concentration of the sample was 
displayed in mg L' .^ The strips work by converting glucose to 5-gluconolactone, using the  
enzyme glucose oxidase present on the active pads of the strip. During this reaction 
hydrogen peroxide is generated which reacts with a redox indicator, also present on the  
active pads of the strip. This reaction causes a colour change (blue/green), which is 
measured reflectometrically and which is proportional to  the concentration of glucose 
present.
2.5.3 Determination of cellulose degradation products
High Performance Liquid Chromatography (HPLC) was used to  identify glucose, cellobiose, 
and other small- chained products of cellulose degradation that were present in the  
supernatant of culture samples. The column used was a REZEX RNO-Oligosaccharides, 
employing a mobile phase of w ater at 65°C and at a flow - rate of 0.25m ls/m in. Detection 
was carried out using an Evaporated Light Scattering Detector (ELSD). Glucose and 
cellobiose standards, in the range of 0.25 gL'^ to 2 gL '\ were used to  produce standard 
curves to determ ine the concentrations in the samples.
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Sample supernatant was separated using filtration via a 25m m  sterile syringe filter (SFCA 
membrane) with a pore size of 0.45pm  filter using aseptic techniques. Once separated the  
supernatant was aliquoted into cryotubes. The cryotubes containing sample supernatant 
were loaded into HPLC machine sample trays. Only five samples, each containing three  
technical repeats could be run at one tim e due to  the running tim e of each sample being 45 
minutes. Once analysed, results were presented in the form  of a chromatogram, displaying 
the heights of peaks that were then compared with standards (Figure 4Figure 5).
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Figure 4: A standard curve of glucose using HPLC to determine cellulose degradation 
products.
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Figure 5: A standard curve of cellobiose using HPLC to determ ine cellulose degradation 
products.
2.5.4 Identification of cellulase enzyme activity in 5. viridosporus culture supernatant
Cellulase enzyme activity was determ ined using modified methods of Ghose (Ghose, 1987 ). 
Supernatant from each experimental sample was mixed with three different substrates that 
can only be broken down by particular cellulase enzymes. Carboxymethyl cellulose (CMC) 
was used to identify endoglucanase activity, Avicel for exoglucanase activity and D- salicin to  
detect p-glycosidase activity. An aliquot of 500 \x\ of sample supernatant, separated by 
filtration via a 25m m  sterile syringe filter (SFCA membrane) with a pore size of 0.22pm  filter 
using aseptic techniques, was added to 500 pi of substrate. Substrates consisted of either 
CMC, Avicel or D-salicin (1% w /v  substrate dissolved in 100 m M  sodium phosphate, pH 7) in 
a 1.5 ml Eppendorf tubes and incubated at 50°C for 60 minutes using a heat block. The 
concentration of released glucose was measured w ith a reflectom eter, using the m ethod  
described previously. Released glucose concentration was used to calculate enzyme activity. 
Glucose concentration was recorded before enzyme activity was measured and subtracted 
from the liberated glucose before enzyme activity was calculated. The activity was 
measured in international units (lU); determined by the amount of enzyme that forms 1 
pmol glucose/min (Hsu et a!., 2011).
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2.5.5 Estimation of CMC degradation by 5. viridosporus cultures
The amount of CMC that had been degraded by S. viridosporus cultures was assayed using a 
development of the cellulase enzymes method described above (Hsu et a!., 2011). An 
aliquot of 500 pi of sample was added to 500 pi of a commercially available cellulase 
enzyme (Cellulase from T. reesie ATCC 26921) in 1.5 ml Eppendorf tubes. Once mixed, the  
sample was heated to  50°C for 60 minutes using a heat block. Once heated, 250 pi of 
sample was transferred to an HPLC vial and made up to a final volume of 1500 pi with M illiQ  
water. Using the HPLC method described in section 2.5.3, the glucose concentration was 
determ ined. These glucose concentrations were compared with the glucose concentrations 
previously obtained for CMC standards, allowing the amount of CMC degraded in the  
sample to be calculated (Figure 6 ). The HPLC method was used in preference to the  
reflectom eter- based glucose assay, because the commercial cellulase enzyme, used to  
degrade the CMC, reacted with the assay strip, resulting in false positives.
= 0.955
>  14 -
12
Q.
CMC (gL-
Figure 6 : A standard curve of CMC used for HPLC determination of CMC degradation. The 
standard curve was produced by measuring the concentration of glucose realised, via the  
action of T. reesei cellulases on known concentrations of CMC.
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2.5.6 Protein determination using the Bradford protein assay
The concentration of protein present in sample supernatant and pellet were determined  
using the Bradford protein assay (Bradford, 1976). Stocks of whole culture sample were  
quickly thawed and held on ice. An aliquot of 1 ml of sample was transferred to  an 
Eppendorf tube and centrifuged at 1116 x ref for 5 minutes, separating the biomass pellet 
from the supernatant. The supernatant was carefully removed and 0.1 ml of IM  NaOH 
added to the pellet. The pellet was agitated using a vortex mixer to  re-suspend the biomass 
and then dissolved by heating in a w ater bath at 100°C for 5 minutes. Once the dissolved 
pellet had cooled, 0.9 ml RO was added bringing the total volume to 1 ml.
A measure of 2.5 ml volumes of Bradford reagent (Bradford, 1976) were added to  plastic 
bijoux. An aliquot of 50 pi of each sample including both supernatant and dissolved pellet 
samples were added to each of the bijoux, mixed, using a vortex mixer, and incubated at 
room tem perature for 30 minutes, once the last sample had been added. The samples were  
then mixed briefly again before reading the absorbance at 595 nm using a 
spectrophotometer. Bovine serum albumin (BSA) (Sigma A2153) standards were used to  
produce a standard curve from which the unknown protein concentrations could be 
determined (Figure 7).
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Figure 7: A standard curve of Bovine Serum Albumen (BSA) used for sample protein  
determination as part of the Bradford protein assay.
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2.5.7 Spore count
The number of spores present at each sample point of the chemostat was assessed using a 
haemocytometer (Improved Neubauer).
The cover slip was placed onto the chamber and the thoroughly mixed sample was added by 
placing a lo o p - full' of sample to the edge of the cover slip at the end of the channels on the 
chamber, such that the sample moved under the cover slip following the channels. Further 
lo o p - fulls' of sample were added until the visible counting squares on the chamber were  
covered with sample. Care was taken to ensure the counting chambers were not over filled.
When filled, the Haemocytometer was viewed with a light microscope and the x40 
objective. Once focused, 5 medium squares located within the central large square were  
picked at random, and spores counted. The large central square is made up of 5x5 medium  
squares, each with an area of 0.0025 mm^ and a volume of 1 /250  mm^. This was repeated  
three times and the averages spore counts calculated. To standardise the counting of 
spores, if more than half of the spore was in a square then it was counted as being within  
that square. Using the averages, the number of spores per ml could be calculated using the  
equation below:
Equation 1: Average number of spores per ml'^ using the counting chambers with a volume 
of l/250m m ^ (2.5 xlO^) located in the middle main square of a haemocytometer.
Average No. spores per ml = Average No. o f spores x (2.5 x 10^)
2.5.8 Myceiiai pellet size determination
Using a modified method developed for analysing the hyphal branching rate of 
Soccharopoloyspora erythraea  (Wardell et al., 2002), samples were heat fixed to  glass 
microscope slides using a Bunsen burner and submerged in methylene blue stain for 1 
minute. Excess stain was gently washed off with w ater and slides left to dry. Three slides 
were produced for each sample tim e point, 2 0  pellets were measured per slide and an 
average taken. Measurements were carried out using an eye piece graticule and stage 
graticule at 250x magnification using a light microscope.
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2.6 DNA extraction for genome sequencing using FastDNA SPIN Kit for Soil
DNA was extracted from samples of the original Streptomyces viridosporus strain donated 
from the University of W arwick and the selected strain isolated from the prolonged 
continuous culture described in Chapter 5. The DNA was extracted using a FastDNA SPIN Kit 
for soil (MR) following the protocol laid out in the instruction manual which contained the  
following steps; An aliquot of 0.5g of S. viridosporus culture was added to  a Lysing M atrix E 
tube, followed by the addition of 978 pi of sodium phosphate buffer and 122 pi of M T  
buffer. The sample was then homogenised using the FastPrep Instrument for 40 seconds at 
a speed setting of 6  and then centrifuged at 14,000 x g for 5 minutes. Once centrifuged, the  
sample supernatant was carefully transferred to  a clean 2 ml micro-centrifuge tube with 250  
pi protein precipitation solution added and mixed by shaking the tube 10 times by hand. The 
sample was centrifuged again at 14,000 x g for 5 minutes and supernatant transferred to a 
new 15 ml tube. An aliquot of 1 ml of binding matrix suspension was added and the sample 
inverted by hand for 2 minutes before placing in the rack for 3 minutes to allow for settling. 
Once settled 500 pi of supernatant was removed being careful not to disturb the settled 
binding matrix. A fter the removal of supernatant the binding matrix was re-suspended in 
the remaining supernatant and approximately 600 pi transferred to  a SPIN Filter and 
centrifuged at 14,000 x g for 1 minute. The catch tube was emptied and the remaining 
mixture of sample added and centrifuged again for 1  m inute and the catch tube emptied  
once again. Prepared SEWS-M (500 pi) was added and the sample pellet gently re­
suspended using the force of the liquid from the pipette tip. The sample was centrifuged 
14,000 X g for 1 minute and the catch tube emptied and replaced. The sample was 
centrifuged for a second tim e at 14,000 x g but for 2 minutes to  dry the matrix of residual 
wash solution before discarding the catch tube and replacing with a new catch tube. The 
SPIN Filter was air dried for 5 minutes before the binding matrix containing the sample was 
gently re-suspended above it in 100 pi of DNase Pyrogen- Free W ater. Once suspended the  
sample was centrifuged at 14,000 x g for 1 minute for a final tim e causing the eluted DNA to  
be transferred into the clean catch tube, with the SPIN Filter discarded.
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Quantification of extracted DNA using a Quibit fluorometer
Quantification of DNA was necessary because a minimum of 250 ng of gDNA with a 
molecular weight of >40Kb was required for genome sequencing. Once extracted, the DNA 
was quantified per sample using a Quibit fluorom eter (Invitrogen) kit using the following  
method; Assay Tubes were allocated for each sample and tw o for standards and 190 pi 
Working Solution added to each tube. The Working Solution was prepared by diluting the  
Qubit reagent 1:200 in Qubit Buffer. An aliquot of 10 pi of each sample and standards were  
added to the relevant Assay tube and vortexed for 2-3 seconds. The Assay Tubes were then  
left to incubate for 2  minutes at room tem perature before readings were taken using the  
Qubit 2.0 Fluorometer, with the tw o standards used as a calibration check.
2.7 Genome sequencing, assembly and annotation of 5. viridosporus strains
The genome of the original S. viridosporus strain and the selected strain isolated during the  
prolonged continuous culture were sequenced using the Illumina technique, 150 bp paired- 
end reads in a HiSeq2500, using standard protocols. The samples were split and run in 
duplicate with the data combined prior to assembly and annotation.
Assembly and annotation of sequences
Assembly and annotation of the genome sequences were carried out by the University of 
Brunei. Once sequenced, the genome was assembled using Spades Genome Assembler in 
pair end mode and aligned using the reference strain S. coeiicoior (accession number NC- 
00388) (Bankevich et ai., 2012). BayesHammer was used to read (150bp) error correction 
prior to  assembly using default parameters. K-mer lengths of 21, 33, 55 and 77 were used to  
build an iterative genome assembly using Spades genome assembly module (Nikolenko et 
ai., 2013). Once the contigs/scaffolds had been assembled mismatch correction was carried 
out using Burrows W heeler Aligner (Li and Durbin, 2009).
The data was received in FASTA form at from Brunei University and uploaded directly to  the  
Rapid Annotation Using Subsystem Technology (RAST) server of SEED (Overbeek et ai..
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2005), a fully-automated service that provides high- quality annotation of bacterial genomes 
(Aziz et o i,  2008).
The following is a brief outline of the tw o genome sequences;
5. viridosporus 'Parent' 
#Contigs (>500bp): 293 
Largest Contig: 413240  
Assembly size: 8266055  
IM50: 58425  
GC content: 72.57%
5. viridosporus 'Selectant' 
#Contigs (>500bp): 441  
Largest Contig: 219947  
Assembly size: 8372842  
N 5 0 :54963  
GC content: 72.59%
2.8 Electron microscopy
Electron microscopy is a high resolution imaging technique that uses high energy electrons 
allowing for a greater resolution than that of light microscopy. It was used to investigate the  
survival of S. viridosporus cultures over tim e using lignocellulose in the form of w ood- flour 
as the sole source of carbon. It was also used to  examine the attachm ent of S. viridosporus 
into wood-flour particles and the effect of S. viridosporus activity on the lignocellulose 
substrate. Electron microscopy was carried out using a Hitachi S-3200N Scanning electron  
microscope. Before electron microscopy could be carried out the samples needed to be 
prepared which included the drying of samples to  cope with the high vacuumed  
environment within the electron microscope and the coating of samples in gold to  increase 
the production of secondary electrons and enhances image contrast.
Preliminary experiments used a freeze- drying technique to  dry the samples, however, this 
was found to cause structural damage, collapsing the Streptomyces mycelium. To reduce 
structural damage the samples were therefore dried using 'critical point drying' (CPD) from  
liquid CO2 as described below.
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2.8.1 Electron microscope sample preparation using Critical Point Drying (CPD)
The fixing of samples in preparation for CPD
The method used was based on that method described by J. Wardell, that replaces w ater 
within the structure of a specimen with a substitute with a lower surface tension, in this 
case, acetone, to  avoid the collapse of structures during drying (Wardell, 1982).
Cacodylate fixative stock: Sodium cacodylate 14.3 gL'^& sucrose 57 gL'  ^ in RO water.
Cacodylate buffer 1: 9 ml cacodylate fixative stock & 1 ml 25% glutaraldehyde
Cacodylate buffer 2: Sodium cacodylate 14.3 gL'^ & Sucrose 102.6 gL'^  in RO w ater
A small sample of wood-flour was added to a 15ml 'Falcon' tube and submersed in 
cacodylate buffer 1, containing 2.5% (V/V) glutaraldehyde. The samples were then 
incubated for 3 hours at 4°C. Care was taken to  ensure the lids were securely closed and 
sealed w ith parafilm. A fter incubation the fixative was removed and the samples submersed 
in cacodylate buffer 2 and incubated overnight at 4°C. The next day the buffer was removed 
and the samples submersed in an acetone dehydration series; 10%, 25%, 50% and 75% v /v  
acetone diluted with RO w ater for 10-15 minutes at each concentration at room  
tem perature. This procedure was carried out inside a fum e cupboard. A final transfer was 
carried out, submersing the sample in 1 0 0 % acetone so that all the w ater in the sample was 
replaced by acetone, which is miscible with liquid CO2 (see next step).
Critical Point Drying procedure
The principle of CPD is the replacement of acetone located within the 'fixed' sample with  
liquid CO2, that is subsequently allowed to  gently pass from  a liquid to a gas phase under 
controlled pressure and tem perature, w ithout an abrupt phase- change, at the 'critical 
point' where both gas and liquid phases can co-exist.
The critical point drying procedure was carried out using a SPI Critical Point Drying 
Apparatus, following the instructions in a step- by- step guide displayed on their website at 
h ttp ://w w w .2 spi.com/catalog/instruments/cpd complete.html and consisted of the following 
steps;
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The wood-flour samples were placed in the sample baskets that fit into the specimen boat 
and submerged in acetone to inhibit any drying before the procedure was carried out. The 
apparatus was checked to  insure correct installation and the cold w ater tap turned on and 
circulated through it, reducing the chamber to  20°C. The specimen boat containing the  
wood- flour samples in baskets was loaded into and locked into the chamber. The inlet valve 
for the liquid CO2 was opened filling the chamber rapidly, with the vent value opened to 
avoid back- pressure. Once the chamber was completely filled, the drain valve was opened 
with the liquid level controlled using the vent valve, closing it slightly. This flushing was 
carried out for 4 minutes to  flush the acetone out of the chamber. A fter flushing, the 
chamber was completely filled with liquid CO2 and all valves closed. The apparatus 
containing the samples was then left for 1  hour to allow saturation of liquid CO2 into the  
samples. Once saturated the chamber was flushed again for 4 minutes by turning on the  
inlet for liquid CO2, opening the drain valve and controlling the level using the vent value by 
partly opening it. Once flushed the liquid CO2 inlet was closed and the level of liquid CO2 
within the chamber reduced to the level of the top of the boat. All valves were the closed 
and the tem perature of the chamber increased to  36- 38°C. This increase in tem perature  
was controlled by running hot and cold w ater through the chamber via a tube connected to  
hot and cold w ater taps. Once the desired tem perature was acquired the carbon dioxide gas 
was slowly vented by opening the vent valve. Caution was needed to ensure the vent didn't 
block with ice caused by rapid venting. Once all CO2 gas had been vented the chamber could 
be opened and the samples removed and glued onto microscope stubs.
2.8.2 Gold coating of samples in preparation for electron microscope investigation
Once dried, the samples were fixed to  stubs using 'super- glue' and then coated w ith gold to  
1.5nm using an EMITECH K575X Pelter cooled, coating machine. This process was carried 
out three times, with the samples turned through 90 /1 4 0  degrees each tim e to ensure all of 
the samples were coated.
2.9 Sample preparations for light microscope imaging
Images of S. viridosporus were taken during the project for visual analysis of the culture 
during some of the experiments, for evidence of any morphological changes taking place.
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The images were taken using a digital eye piece (Premiere Mass Microscope Digital Camera) 
and images downloaded to a laptop using, 'Ulead Photo Explorer' software (version 7.0).
2.9.1 Wet preparation of bacterial culture
The 'w et prep' technique was used most commonly throughout the project. It is a quick 
technique and produced clear results when using a phase- contrast light microscope. Two to  
three 'loops' of sample were placed on a standard microscope slide. A square coverslip was 
then positioned on top and the slide was examined using the light microscope as soon as 
possible.
2.9.2 Methylene blue staining in preparation for light microscope imaging
Samples used previously for pellet size determ ination were used for image analysis. These 
samples had been heat fixed to slides and stained by coating the slide for 1  m inute in 
methylene blue before gentle rinsing the excess stain off using w ater (Wardell et al., 2002).
2.10 Computer based methods
2.10.1 Amino acid determination of endo-1,4-beta glucanase using published data
A nucleotide sequence for endo-l,4 -beta  glucanase found in S. viridosporus, published by 
the European Nucleotide Archive (ENA)
(http://w w w .ebi.ac.Uk/ena/data/view /AAD25090#Sequence AAD25090) was used as the  
basis for calculating the amino acid composition of the enzyme. Using the information on 
the ENA website the peptide sequence published was copied and pasted, in FASTA form at, 
into the ProParam tool found on the ExPASy website (h ttp ://w eb.expasv.org /protparam /). 
This tool calculated and displayed the amino acid composition of the peptide sequence and 
the amounts of each amino acid.
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2.10.2 Screening S. viridosporus genomes for genes of interest
The genomes for both the parent and selected strain of S. viridosporus were compared with  
one another using the online software SEED viewer (Overbeek et ai., 2005) and the  
functions comparison tool.
Using an online database, UniProt (w ww.Uniprot.org). blast searches were carried out using 
the online software SEED to screen for a variety of genes that were highlighted as 
potentially im portant during the project (Table 1).
Table 1: Genes of interest searched for within the S. viridosporus genomes, including a brief 
description and chapter section where more information can be found.
Gene Source Brief Description
SSgA httD://www.uniprot.org/uniorot/Q9F9B6 SsgA gene is linked to inhibition of 
submerged sporulation (Kawamoto 
and Ensign, 1995) and peptoglycan 
maintenance (Van Wezel et ai., 
2006). See section 5.2 & 5.6 for 
more information.
SSfR httD://www.uniDrot.org/uniDrot/Q9L688 SSfR gene is part of the SLAPs 
family and is linked to peptoglycan 
maintenance of actinomycetes 
(Van Wezel at ai., 2006). See 
section 5.2 & 5.6 for more 
information.
CpeB http://www.uniprot.org/uniprot/C9ZlW0 The CpeB gene codes for a dimeric 
catalase/ peroxidase enzyme used 
to generate reactive oxygen 
species used to attack crystalline 
cellulose (Zou and Schrempf, 2000). 
See section 5.6 for more 
information.
Bgl3 http://www.uniprot.org/uniprot/Q59976 Bgl3 codes for the cellulase enzyme 
beta- glucosidase in Streptomyces 
species. See section 5.6 for more
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information.
Abps http://www.uniprot.org/uniprot/O07481 Abps gene codes for a cellulose 
binding protein that reacts strongly 
with crystalline cellulose (Walter et 
al., 1998). See sections 4.4.1 & 5.6 
for more information.
Cbp
C
http://genom e.m icrobedb.ip/streptonnvces/A3- Cbp C is a carbohydrate- binding 
protein found in a majority of 
Streptomyces and has a strong 
adherence to crystalline cellulose 
(Walter and Schrempf, 2008).
2 /genes/SC01734
Ceb http://www.uniprot.org/uniprot/Q9F3l3 Ceb gene is associated with a novel 
ABC transporter for the uptake of 
cellobiose & cellotriose (Chater et 
al., 2010). See section 7.3.1 for 
more information.
GInA http://www.uniprot.org/uniprot/P15106 GInA is used during nitrogen 
limitation and codes for Glutamine 
Synthetase (GS) which converts 
ammonium and glutamate to 
glutamine (Weisschuh et a!., 2000). 
See section 6.2 for more 
information.
GInll http://www.uniprot.org/uniprot/Q9X958 GInll is used during nitrogen 
limitation and codes for Glutamine 
Synthetase (GS) which converts 
ammonium and glutamate to 
glutamine (Weisschuh eta!., 2000). 
See section 6.2 for more 
information.
GlcP http: //w w w . uniprot.org/unip rot/Q7BEC4 GlcP gene is associated with the 
major glucose uptake system of 
Streptomyces (Van Wezel et a!., 
2005). See section 7.3.1 for more
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information.
2.10.3 Construction of the genome scale metabolic networks
The GSMN model was produced for S. viridosporus, using the genome sequence from  the  
original S. viridosporus strain and consisted of 1373 reactions and 1328 metabolites. The 
genome data received from Brunei University and annotated in SEED, was downloaded from  
'The Model SEED' and imported into SurreyFBA, a GNU GPL software (Gevorgyan et a!., 
2011). It is im portant to  note genome sequence determinations require several iterations 
before they can be considered completely "closed" and that models in this thesis were  
made after the first iteration. However, only a very small number of orphan pathways (2) 
were observed in the resulting models and these were closed manually.
SurreyFBA provides constraint- based GSMN modelling and simulations (Gevorgyan et a!., 
2 0 1 1 ), that can carry out a variety of analytical methods including flux balance analysis, flux 
variability analysis (Price et a!., 2004) and predict minimal substrate requirements 
(Gevorgyan et a!., 2011). The software uses JyMet, a Jython graphics, user interface that 
allows for spreadsheet- based model presentation and visualisation of numerical results of 
metabolic networks that can be presented as charts or plots (Gevorgyan et a!., 2011).
2.11 Stirred flask Investigations of S.viridosporus cultures
All flask experiments were carried out using 250 ml Erlenmeyer flasks w ith sponge closures 
for passive aeration, containing a stirrer bar with a triangular profile. The working volumes 
w ere 30 ml of culture media and 3 ml of inoculum. Flasks were stirred using a magnetic 
stirring platform (Thermofisher Scientific). Starter cultures were grown by adding 1 ml of 
frozen stock from working cell backs to an initial complex medium and incubated for 48  
hours before 3 ml of culture was transferred to defined media as an inoculum. The flasks 
were incubated at 37°C and stirred at 350 rpm. At each tim e point whole flasks were  
sacrificed to  obtain samples, one flask per biological repeat. The entire flask content was 
emptied into a 50 ml tube. Biomass concentration was determ ined as soon as possible while 
the rest of the culture was stored at -20°C after any necessary pre-treatm ent, such as 
supernatant filtration had been carried out, depending on future assays.
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2.11.1 Wood-flour flasks inoculated with S.viridosporus chemostat culture
Erlenmeyer flasks (250ml) containing 1 g of wood-flour (Mesh size 40) and a triangular 
stirrer bar, with sponge closures were autoclaved at 121°C for 15 minutes. 20 ml of 
chemostat culture was added to each flask before being incubated at 37°C and stirred at 
350 rpm. One flask was sacrificed at each sample tim e point following the instructions 
described above.
2.11.2 Stirred flask experiments of S.viridosporus cultures using Plackett- Burman 
experimental design
The Plackett- Burman experimental design (PB) was first published in 1946 (Plackett and 
Burman, 1946). This experimental design allowed the influence of a number of components 
to be investigated with the minimal number o f trials (Plackett and Burman, 1946). Not only 
does this have the advantage of testing a number of factors simultaneously, but can also be 
used to  highlight any interactions between the factors being investigated (Kalil et al., 2000). 
Taking the example of testing 11 factors (variables), on tw o levels, 2^  ^ tests would be 
needed to carry out a full factorial experiment. Using the Plackett- Burman design it could 
be carried out in the number of variables plus 1  for control, in this example 1 1  tests + 1  = 1 2 . 
The design of the experiment works by the application of the variables added to the tests in 
a set manner, using a matrix (Plackett and Burman, 1946). The variables are added to the  
tests at tw o levels/conditions, for example one low and one high concentration. For the  
experiments using the PB design during this project the tw o conditions used were as 
'present' or 'not present', denoted by a + and -  symbol. The matrix is formed by having each 
variable in half of the tests and all other tests in at least half of them  again. Continuing with  
the example of testing 1 1  variables, using 1 2  tests, variable one would be present in 6  o f the  
12 flasks. Out of the six samples that variable one is present, variable tw o would be present 
in 3. This concept runs throughout the matrix, for every variable tested. To cater for 
experimental error during data analysis three dummy runs are included (Greasham and 
Inamine, 1986). These are then used to  estimate experimental error, by first calculating the  
square root of the variance of effect and then using a t -  test to  determ ine the significance of 
each variable (Greasham and Inamine, 1986).
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Equation 2: Calculation for the variance of effect during a Plackett- Burman design 
experiment, where Veff= variance of effect, Ed= the effect determined for the dummy 
variable and n= number of dummy variables (Greasham and Inamine, 1986).
n
Investigations into the addition of amino acids to 5. viridosporus cultures
Eleven amino acids (1 m M  concentration) were tested for their influence on culture growth, 
glucose liberation and enzyme activity. A 40 m M  stock solution of each amino acid, 
dissolved in RO w ater was produced, sterilised using filtration via a 25m m  sterile syringe 
filter (SFCA membrane) with a pore size of 0.22pm  filter using aseptic techniques and then  
stored at 4°C. Nitrogen- limited Evans CMC, culture media was added to each of the 12 
flasks containing a triangular stirrer bar. The amino acids were added to each flask 
aseptically (Table 2). Using the table as a guide, sterile RO w ater was added in place of 
amino acids where indicated for each particular flask. This ensured the correct 
concentration of each amino acid was added. Each flask was inoculated with 3 ml of culture 
grown in initial medium for 48 hours at 37°C, stirred at 350 rpm. Once inoculated, the flasks 
were incubated at 37°C for 72 hours, stirred at 350 rpm. At the end of the tim e- course all 
flasks were sacrificed for sampling.
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Table 2: Plackett- Burman design used for the analysis of 11 amino acids; L-histidine (HIS), L- 
serine (SER), L-phenylalanine (PHE), L-alanine (ALA), L-aspartic acid (ASP), L-isoleucine 
(ILEU), L-glutamic acid (GLU), L-asparagine (ASN), L-leucine (LEU), L-valine (VAL) and L- 
arginine (ARG). + denotes the addition of 750pl of that amino acid, - denotes the addition of 
750pl of sterile RO water.
Flask
number
Variables
HIS SER PHE ALA ASP ILEU GLU ASN LEU VAL ARG
1 + + - + + + - - - + -
2 - + + - + + + - - - +
3 + - + + - + + + - - -
4 - + - + + - + + + - -
5 - - + - + + - + + + -
6 - - - + - + + - + + +
7 + - - - + - + + - + +
8 + + - - - + - + + - +
9 + + + - - - + - + + -
10 - + + + - - - + - + +
11 + - + + + - - - + - +
12
(Control)
- - - - - - - - - - -
Investigations into the addition of iignoceliulose components to 5. viridosporus cultures
Eight components of lignocellulose were tested, at a concentration of 1 m M , for their  
interactions and influences on glucose liberation, cellulase enzyme activity and bacterial 
growth, using the Plackett- Burman design. The 40 m M  stock solutions of each component 
were produced and sterilised using filtration via a 25mm sterile syringe filter (SFCA 
membrane) with a pore size of 0.22pm  filter using aseptic techniques. A set of nine flasks 
were used per biological repeat, eight of which contained a different set of four components 
(variables). Using the table as a guide, in the absence of a variable not added to  the flask (-), 
sterile RO w ater was added instead (Table 3). Each variable or w ater was added to  flasks 
containing '3% Evans CMC'. All flasks were inoculated with 3 ml of culture grown in complex 
medium that had been incubated for 48 hours at 37°C w ith stirring at 350 rpm. Once 
inoculated the flasks were incubated at 37°C, stirred at 350 rpm for 72 hours.
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Table 3: Plackett- Burman design to test the interactions and influences of eight 
components found in lignocellulose; Ferulic acid, syringic acid, vanillin, synapic acid, vanillic 
acid, guaiacol, cellobiose and xylose, during a flask experiment. W here, + denotes the 
addition of 750pl of that variable and - denotes the addition of 750pl of sterile RO water.
Variables
Flask number Ferluic acid Syringic acid Vanillin Synapic acid Vaniilic acid Guaiacol Cellobiose Xylose
1 + - - + + + - -
2 - + - - + + + -
3 - - + - - + + +
4 + - - + - - + +
5 + + - - + - - +
6 + + + - - + - -
7 - + + + - - + -
8 - - + + + - - +
9 (Control) - - - - - - - -
2.12 The theory of a chemostat system and steady- state cultures
A chemostat is a continuous culture system that controls the growth of a culture by limiting 
the availability of an essential nutrient within the culture medium. The availability of the  
essential nutrient is regulated by the flow  of fresh culture medium entering the working  
vessel. Using the rate of which the culture media is pumped into the vessel (F) and the  
vessel's working volume (V), the dilution rate (D) can be calculated (Equation 3). The dilution 
rate is equal to the growth rate when the chemostat is in steady state (Pirt, 1975). For all
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continuous cultures carried out during this project, carbon was the limited nutrient, in the  
form of CMC at 1% w /v  and cellobiose 1 gL' .^
Equation 3: Calculating the dilution rate in chemostat culture, using the flow rate (F) of 
culture media and the working volume (V).
Dilution ra te  (0 )  ft-i =
Working Volume (V)l
Using classic chemostat kinetics (Herbert et al., 1956), when the culture is said to  be in 
steady- state, the dilution rate (D) is equal to specific growth rate (p). Steady state values for 
the limiting substrate (Equation 4) and culture concentration (Equation 5) can be calculated 
for any dilution rate and when calculated correctly and plotted should become mirror 
images.
Equation 4: Classic chemostat kinetic equation used to calculate the limiting substrate at 
steady state where s~ is the steady state excess substrate concentration, D is the dilution rate 
and pmax is the maximum specific growth rate of the culture (Herbert et a!., 1956).
' =
Equation 5: Classic chemostat kinetic equation used to calculate biomass at steady state 
where x  = biomass, Y= yield constant, D= dilution rate, Sr= growth limiting substrate, Pmax= 
maximum specific growth rate and Ks= the maximum assimilation rate of the limiting 
substrate (Herbert et a!., 1956).
X =  F  (5 r -  5 )  =  F  f 5 r -  /Ts (— ^ ) |
t  fJ-max U  J
2.13 Investigations using continuous cultures of S. vlridosporus
An ElectroLab 'FerMac 360' bioreactor was operated with a 1.5 L vessel, and a working 
volume of 1 L. For continuous- cultures the volume was fixed at 1 L using an over flow  weir.
S.viridosporus was grown in defined medium using the following standard operating  
parameters: stirred at 750 rpm; aerated by sparging air into the vessel at 0.25 v /v /m in ;
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tem perature 37°C; pH 1, controlled with the addition of IM  NaOH or IM  HCL Air leaving 
the vessel was analysed using an Electrolab TerM ac 368' O2/C O 2 analyser.
The vessel was inoculated with a starter culture that had been cultivated in stirred flasks in 
inoculum medium. 50 ml of flask culture was used to inoculate 1 L working volume. Once 
inoculated, the vessel was left in batch culture for 24 hours, increasing the biomass before 
initiating a continuous culture. At each sample tim e point, approximately 90 ml was 
removed for biomass estimation, glucose, protein and total carbohydrate determination, 
spore count, CMC measurem ent and cellulase enzymes activity estimation. Samples of the  
culture were also taken at tim e points for wood-flour flask experiments. Approximately 400  
ml of culture was removed for each dilution rate tested.
The continuous- culture, in the form of a chemostat, was used to grow S.viridosporus in a 
more strictly controlled environment, compared with flask experiments, w ith the aim of 
reducing pellet formation (Figure 8 ). The chemostat also provided a means of testing the  
relationship between growth rate, enzyme activity, CMC degradation and glucose liberation 
from wood-flour.
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Sampling point with sterile 
universal attached Control panel and monitor for pH, rpm, 
air and temperature
Fresh culture media 
Mm
1.5L vessel
Peristaltic pump, 
controlling the flow of 
media to vesselWater vesse
O2 /C O 2 gas analyser
Figure 8 : Image of the chemostat system used to carry out continuous cultures of S. 
viridosporus. Fresh culture is pumped into the 1.5L working vessel via a peristaltic pump. 
Parameters within the vessel such as pH, tem perature and gas are monitored and controlled 
via a control panel. Culture volume within the vessel is controlled by an over flow tube  
leading to a waste vessel.
2.13.1 Maximum specific growth rate (pmax) determination using wash- out rate
Using a chemostat system, when the dilution rate ( D )  < specific growth rate (p) the culture 
will be positive and the concentration of organisms will increase. When D > p the organisms 
will decrease in concentration, being washed out by the flow of new culture media. Taking 
this in to consideration, the pmax will be equal to the maximum D before wash- out starts to  
occur; critical dilution rate (D c),  but only when Sr>Ks, which is usually the case (Herbert et al., 
1956).
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Equation 6 : Determination of critical dilution (Dc), using maximum specific growth rate 
(Pmax), growth limiting substrate (Sr) and the maximum assimilation rate of the limiting 
substrate (Ks) (Herbert eto l., 1956).
A dilution rate predicted to be higher that the Dc can be used to calculate a 'theoretical' 
wash-out rate (Ac) and used with an 'observed' wash-out rate (Ao) estimation can 
determine the actual pmax of an organism.
The theoretical estimation is calculated using the culture's predicted halving tim e, which is 
equal to  its doubling tim e (td). For example D= 0.35 hour, td= 1.98 hour.
Equation 7: Doubling tim e (td) of a culture using dilution rate (D).
0.693
td  =
D
The td or 'doubling tim e' is used to  predict how fast a culture will wash-out at the  
determined dilution rate. Using the biomass concentration when the culture is in steady 
state during the continuous culture and the doubling tim e (td), which is equal to  the halving 
tim e, the reduction in biomass over tim e can be predicted. Using these biomass values, and 
assuming no growth, the following equation can be applied to give a theoretical wash-out 
rate (Ac).
Equation 8 : Theoretical wash-out rate (Ac) or Observed wash-out rate (Ac) using the log 
biomass (log x) at tim e point 1 (t) and log biomass (log Xq) at tim e point 2 (to) (W ardell,
1982).
Ac =  2.303
t - t o
Once the theoretical value had been calculated the wash-out was carried out using the  
chemostat system at the determined dilution rate. During the wash-out, the biomass 
concentration of the culture was measured at tim e points close to the halving tim e, using 
the example as before with a halving tim e of 1.98h, samples would be taken every 2 hours 
for ease of sampling.
Once completed, using the same equation to calculate the Ac (Equation 8 ), Ao was 
determined. To get the final pmax determ ination Ao is subtracted from Ac.
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2.14 Statistic methods for the analysis of results
Statistical methods were used throughout the project to  analyse the data produced during 
experiments. This analysis allowed for the comparison of variables and their numerical 
significance, highlighting any trends within results.
T-test
T-tests were used during the project when comparing tw o sets of data to determ ine the p- 
value (Diamond and Jefferies, 2006). The tests were carried out using the t-test function in 
Microsoft Excel using the value of 0.05 as the critical level.
Correlation coefficient
Correlation coefficient was used to  analyse the association of tw o variables by calculating an 
r- value (Diamond and Jefferies, 2006). The nearer the value is to 1 the stronger the  
relationship between the tw o variables in a linear association (Diamond and Jefferies, 2006). 
Correlation coefficient was calculated using Microsoft Excel.
One- way Analysis of variance (ANOVA)
One- way ANOVAs were used to compare more than tw o sets of data to  determ ine the p- 
value (Dytham, 2011). The one- way ANOVAs were carried out in GraphPad Prism 0.6. 
During analysis, if a p- value less than 0.05 was calculated a Turkey multiple component 
analysis was used to determ ine which variable was significantly different.
76
2.15 Objectives and testable hypothesis
The aim of this study is to  investigate the liberation of substrates that could be used for 
bioethanol production from lignocellulose sources, using Streptomyces species, with the  
hypothesis being that Streptomyces can liberate ferm entable sugars from lignocellulose 
substrate at a faster rate than subsequent utilisation. This was achieved by completing the  
following objectives;
•  Select a suitable Streptomycete w ith the ability of producing and secreting cellulase 
enzymes that can be used to degrade the cellulose component of lignocellulose. This 
was carried out by investigating the growth of selected Streptomyces in culture 
medium containing carboxymethylcellulose (CMC) as the main carbon source.
•  Carry out a continuous culture of the selected Streptomycete to investigate the  
relationship of glucose liberation from lignocellulose substrate and culture growth  
rate. This was achieved by the use of a chemostat system, allowing for the control of 
culture growth rate and other parameters such as pH, tem perature and aeration.
•  Optimise the lignocellulose degradation process, increasing the rate of glucose 
liberation from lignocellulose and reducing the rate of subsequent utilisation by the  
bacterial culture. This was achieved using a variety of in vitro and in silico 
experiments, including investigations into culture media optimisation, such as the  
addition of amino acids and the effects of carbon-, phosphate- and nitrogen- 
limitations on cellulase activity.
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Chapter 3: Species selection and preliminary experiments
3.1 Chapter overview
This studentship was funded by the Integrated Biorefining Research and Technology Club 
(IBTI Club), a £ 6 M , 5 - year partnership between BBSRC, the Engineering and Physical Science 
Research Council, and a consortium of leading companies aimed at developing biological 
processes and feedstocks to reduce our current dependence on fossil fuels as a source of 
chemicals, materials and fuel. As the objective of the studentship was to study microbially- 
induced glucose liberation from lignocellulosic substrates, numerous candidate species were  
considered.
These included Acidothermus cellulolyticus, a therm otolerant, acidophilic bacterium, whose 
genome encodes three endoglucanases (Adney et al., 1994; Adney et al., 1992). Some 
preliminary studies were carried out using this species, and data consistent w ith its 
requirem ent for a narrow range of microaerophilic conditions was obtained (see Appendix), 
which may in part explain the lack of published data on the use of this species in 
bioprocesses.
Due to the difficulties that arose from A. cellulolyticus preliminary experiments, it was 
decided to investigate into the use of a Streptomyces species. Streptomyces species were  
highlighted as potential candidates for a number of reasons, including their naturally large 
genomes (Bently et al., 2002) and ability to produce and secrete a wide range o f enzymes 
and compounds (Tuomela e t al., 2000). Streptomyces are soil dwelling, filamentous bacteria 
with most species having some ability to utilise lignocellulose compounds (Tuomela et al., 
2000). Four Streptomyces were considered as potential replacements of A. cellulolyticus; S. 
coelicolor M 145, S. coelicolor FCl, S. viridosporus, and 5. viridochromogenes DSM 9597.
Genome sequence analysis found that S. coelicolor M 145 could be a potential candidate for 
these studies due to the identification of eight cellulase coding sequences (Bently et al.,
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2002). M ore recently one of the eight cellulases encoded for on its genome was assigned as 
a xyloglucan- specific glycosyl hydrolase which degrades hemicellulose (Enkhaatar et al., 
2011). S. coelicolor FCl is a strain selected and isolated via a prolonged continuous culture 
of S. coelicolor M 145 carried out at the University of Surrey (Unpublished data). 
Streptomyces viridochromogenes strain DSM9597 was included in this study because of tw o  
recent publications using tw o different strains of S.viridochromogenes. W ork carried out in 
Egypt found that a strain of S.viridochromogenes had the ability to utilise rice straw (El- 
Nagger et al., 2011). They also demonstrated evidence for the relative therm al stability of 
the carboxymethylcellulase (CMCase) enzymes produced (El-Nagger et al., 2011). In 2011, 
S.viridochomogenes strain D9XDG2 was also identified as a cellulose degrader (Fischbach et 
al., 2011). Following a screen for lignocellulose degradation, carried out at W arwick 
University as part of the IBTI programme, S.viridosporus was identified as a promising 
species for study, due to its ability to break down lignin; this characteristic, as well as being 
able to  produce cellulase enzymes, justified its inclusion in this experiment (Crawford et al.,
1983).
3.2 Comparison of potential Streptomyces species
A stirred flask experiment (350rpm , 30°C) was carried out to investigate the growth of S. 
coelicolor M 145, S. coelicolor FCl, S. viridosporus, and S. viridochromogenes DSM 9597 in 
Evans CMC. Biomass concentration was recorded over tim e as an indicator of cellulose 
utilisation, with cellulose utilisation suggesting the synthesis of cellulase enzymes. Biomass 
concentration was calculated using the dry cell weight method described in Chapter 2.
79
5.00
4.50
4.00
3.50
1_  3.00
% 2.50  
E
S 2.00
1.50
1.00
0.50
0.00
0 20 40 60 80
—O — S. viridosporus 
—B — S. viridochromogenes 
—£s— S. coelicolor M 145  
—© —S. coelicolor FCl
Time (h)
Figure 9: Biomass concentration over tim e of S. coelicolor IVI145, 5, coelicolor FCl, 5. 
viridochromogenes and S. viridosporus in defined culture medium containing CMC and 
cellobiose as carbon sources. Experiment carried out in aerobic stirred flasks (350rpm ) at 
30°C. The error bars represent standard deviation of the means based on three sets of 
replicas for each data point. Using a one-way ANOVA a P value of 0.1278 was calculated, 
indicating no significant difference between the biomass concentrations of the four strains 
tested. N=3.
Biomass concentrations were recorded over tim e, comparing the four Streptomyces strains, 
the hypothesis being that, the organism would only be able to grow in the defined culture 
medium if it could utilise the CMC and cellobiose as carbon sources. S. coelicolor FCl had 
been isolated, using a strain degeneration process, from parent strain S. coelicolor M 145. 
The parent strain contained the genome sequences for seven cellulase enzymes (Bently et 
al., 2002) and one glycosylhydrolase (Enkhaatar et al., 2011) however, it is not known 
w hether FCl has retained the ability to synthesise these enzymes.
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The comparatively low biomass concentrations observed indicated that S. coelicolor M 145  
was not able to utilise the tw o cellulosic substrates as carbon sources, with biomass 
concentration decreasing over tim e (Figure 9). This was despite bioinformatic studies, which 
found that not only does the genome include sequences for 7 cellulases, but it is also 
predicted to contain ATP- binding cassette (ABC) systems for transportation of cellobiose 
and cellotriose (Bertram et al., 2004), giving more evidence to suggest successful cellulose 
utilisation.
In contrast, S. coelicolor FCl cultures produced the highest biomass concentration of out all 
four Streptomyces strains tested, 3.93 gL'  ^ at 48 h, before decreasing at 72 h to  3.13 gL' .^ 
FCl was selected during chemostat culture, on the basis of its reduced of tendency to form  
pellets, compared with the parental strain (Williams, 2000). As such, difference in biomass 
concentrations observed (Figure 9) may be a reflection of the increased efficiency of 
dispersed hyphal growth over that of pellets.
S. viridochromogenes cultures resulted in the second highest biomass yields. The steady 
increase in biomass over tim e suggests that it has the ability to utilise the cellulose carbon 
sources, with biomass concentration peaking at 48 h, before deceasing at 72 h. Experiments 
using S. viridochromogenes to  degrade cellulose components of rice straw had found that 
the highest enzyme production occurred after 5 days incubation, with an optimum  
tem perature of 40°C, suggesting the potential for obtaining significant concentrations of 
biomass from cellulosic substrates if the process were to  be optimised (El-Nagger et al., 
2011).
S. viridosporus cultures produced relatively low biomass concentrations throughout the 
batch culture. However, in contrast to the other Streptomyces species, biomass 
concentration did not peak but, instead, increased over tim e (Figure 9). These results 
suggest that the organism was able to utilise the CMC and cellobiose but at a slower rate 
compared with other Streptomyces species. Similar to S. viridochromogenes, 30°C is not the  
optimum tem perature. The organism's optimum tem perature for growth on lignocellulose 
substrates is 37°C (Crawford et al., 1982), suggesting a potential for im provem ent over our 
sub-optimal conditions. Genome analysis of the S. viridosporus cosmid had found coding for 
an endoglucanase enzyme and a cellulose binding protein, w ith similarities to a cellulose
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binding protein isolated from  Streptomyces halstedii (Ramachandran et al., 2000). 
Endoglucanase activity is associated with CMC degradation (Hodgson, 2000) supporting the  
idea that S. viridosporus should have the ability to utilise CMC as a substrate.
To further examine the Streptomyces abilities to  utilise cellulose substrates as carbon 
sources, the tim e course was repeated but w ithout the addition of cellobiose. A review  
published by D. Hodgson, noted, depending on the species, the addition of cellobiose can 
either be an inducer for cellulase activity or a repressor (Hodgson, 2000).
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Figure 10: Biomass concentration over tim e of S. coelicolor M 145, S. coelicolor FCl, S. 
viridochromogenes and S. viridosporus in defined culture medium containing CMC as the  
sole carbon source. Experiment carried out in aerobic stirred flasks experim ent (350 rpm) at 
30°C. The error bars represent standard deviation of the means based on three sets of 
replicas for each data point. Using a one-way ANOVA a P value of 0.8271 was calculated, 
indicating no significant difference between the biomass concentrations of the four strains 
tested. N=3.
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Significant differences in biomass concentration were observed in cultures of tw o of the  
four Streptomyces species when they were grown in a defined liquid culture medium  
containing CMC as the sole carbon source (Figure 10) compared with the medium  
containing CMC and cellobiose (Figure 9). W ith CMC and cellobiose S. coelicolor FCl had 
produced the highest biomass concentration results, peaking at 48 h with a concentration of
3.7 gL' .^ W ithout the addition of cellobiose, however, the biomass concentration remained  
stable throughout the tim e course at 1.5 gL'^. S. coelicolor M 145 biomass concentration 
followed a similar pattern of results as obtained using CMC and cellobiose as carbon 
sources. Both experiments suggested that S. coelicolor M 145 cannot utilise CMC efficiently 
enough to grow in culture media using CMC as the main carbon source.
S. viridochromogenes produced a similar pattern of biomass concentration data, increasing 
initially and peaking at 48 h, before decreasing at 72 hours. Although the pattern of biomass 
concentration over tim e was similar there was a significant difference between the  
maximum biomass concentrations in the tw o experiments. This difference suggests that 
either cellobiose is an inducer for the cellulase enzymes produced by S. viridochromogenes 
or that the organism utilised all 1  gL'  ^of cellobiose contained within the culture media used 
in the previous tim e course experiment.
S. viridosporus also produced a similar pattern of biomass concentration over tim e, in 
culture media, irrespective of w hether cellobiose had been included in the medium. There 
was however, a difference in the maximum biomass concentration produced; 1.07 gL'  ^ in 
the presence of cellobiose and 2.36 gL'  ^with CMC as the sole carbon source. This difference 
in biomass concentration implies that the cellobiose may repress CMC utilisation or cellulase 
activity. Similar findings have been shown in experiments using a bacterium from  the genus 
Cellulomonas, in which the addition of cellobiose repressed the activity of tw o classes of 
cellulases (Beguin and Eisen, 1977).
Having evaluated all four Streptomyces species, S.viridosporus was chosen as the  
lignocellulose degrading organism to be analysed further during this project. Despite 
yielding lower biomass concentrations than the other Streptomyces species in media 
containing CMC and cellobiose, the results indicated that the biomass culture 
concentrations increased over tim e. A significant characteristic of S. viridosporus is its
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reported ability to degrade lignin (a characteristic that would be interesting to analyse 
further). Previous experimental studies had already demonstrated that this organism was 
capable of degrading both lignin and carbohydrate components of hard wood, soft wood 
and grass lignins (Antai and Crawford, 1981). Both S. coelicolor FCl and S. 
viridochromogenes appear to  be able to degrade CMC as a carbon source. However, a 'true  
cellulase enzyme' should have the ability to hydrolyse both CMC and crystalline cellulose 
(Hodgson, 2000). A large Streptomyces screening experiment, screening 180 Streptomyces 
species for cellulase activity found that both S. coelicolor and S. viridochromogenes were not 
capable of hydrolysing microcrystalline cellulose (Avicel) (Wachinger et al., 1989). However, 
it should be noted that S. viridosporus was not screened during this experim ent (Wachinger 
et al., 1989).
3.3 Degradation of wood-flour using S.viridosporus
Once selected, experiments using S.viridosporus were performed using a natural 
lignocellulose substrate as the main carbon source. The lignocellulose substrate used was in 
the form of wood-flour, a waste product of the furniture industry. It is made from various 
soft woods and was free from chemicals such as wood varnish. Size 40 mesh w ood-flour was 
used, which corresponds to  the size of the mesh in the sieves. W ood-flour 40 mesh particle 
sizes range from 180 to 500 microns (Information from WTL). The wood-flour was added to  
defined culture media, which was designated as Evans wood-flour (EWF) medium. The 
medium also included 1 gL'  ^glucose to allow rapid initial accumulation of sufficient biomass 
to attack wood particles.
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Figure 11: An example of a HPLC chromatogram using a REZEX RNO- Oligosaccharides, 
showing peaks in glucose detected between 32-34 minutes and cellobiose detected 
between 28-30 minutes. The three peaks shown at 14-16, 22-28 and 38-42 minutes are 
unknown molecules. The detection of molecules was carried out using an ELSD.
Supernatant glucose and cellobiose concentrations were measured using High Performance 
Liquid Chromatography (HPLC), (see chapter 2). These analyses indicated that glucose and 
cellobiose were successfully liberated from the w ood-flour (Figure 11). Traces of cellotriose 
were also detected (data not shown). The chromatogram also detected large peaks at 14- 
16, 22-28 and 38- 42 minutes. Investigations were carried out in an attem pt to identify the  
molecules being detected but were unsuccessful. It was predicted that the peaks detected  
between 14-16 and 22-28 were long polymers of cellulose released from the wood-flour.
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Figure 12: Products of cellulolytic hydrolysis of wood-flour by S.viridosporus culture in 
defined medium EWF. The preliminary experiment was carried out in aerobic stirred flasks 
(350rpm , 37°C) containing lignocellulose substrate in the form of wood-flour. N=1 with a 5% 
error of technique.
This increase in glucose and cellobiose concentration also suggests that these simple sugars 
are being liberated from the wood-flour at a faster rate than they can be assimilated for 
growth. It was not possible to differentiate biomass concentration from that of the solid 
wood-flour particles, using conventional techniques at this point (but see later), therefore, it 
was not known w hether the culture was able to proliferate or w hether enzymes released 
(possibly during autolysis) had continued to hydrolyse the lignocellulose. A similar 
experiment had been carried out using S. viridosporus cultures to degrade hard wood  
particles, also at mesh size 40. These particles were from  Norway M aple (Acer repens) w ith  
similar results suggesting successful degradation of both lignin and carbohydrate 
components of lignocellulose (Antai and Crawford, 1981). In this experiment, it had, 
similarly, not been possible to differentiate between microbial growth and the solid 
substrate so, again, microbial proliferation was not quantified.
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Figure 13: Glucose concentration in culture supernatant from a preliminary, aerobic stirred 
flask experiment at 37°C containing lignocellulose substrate in the form of wood-flour 
comparing the activity of S.viridosporus culture against a control. N=1 with a 5% error of 
technique. There is a significant difference between supernatant glucose concentration 
between S. viridosporus compared with the control, P- value = 0.001712 calculated using a 
tw o tailed T-test.
A control experiment was carried out, inoculating the medium with sterile RO w ater. No 
significant glucose liberation was detected (Figure 13), giving a high degree o f confidence 
that the increase in glucose concentration, detected in microbial cultures, was due to  
microbial induced lignocellulose degradation. The results from the control experim ent rules 
out the possibility of physically or chemically induced glucose liberation from w ood-flour in 
these experiments.
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Figure 14: Endoglucanase and (3- glucosidase enzyme activity in S.viridosporus culture 
supernatant during a preliminary, aerobic stirred flask (350rpm ) experim ent at 37°C  
containing lignocellulose substrate in the form of wood-flour (EWF). N=1 with a 5% error of 
technique. Using a tw o tailed T-test there is now significance between the activity of both 
enzymes, P= 0.0758.
In order to determine w hether extra-cellular cellulose concentration increased in synchrony 
with detection of liberated glucose, activities of ^-glucosidase and endoglucanase were  
determ ined. Endoglucanase predominated throughout (Figure 14).The activities of these 
tw o enzymes are often considered to be synergistic, the product of endoglucanase activity 
being the substrate for p- glucosidase (Zhang et al., 2006). The significant increase in 
enzyme activity after 1 2 0  h could have been due to  cell lysis- induced release of enzyme, but 
the corresponding decrease in liberated glucose concentration (Figure 13) suggests that this 
is not the case as the most likely reason for the decrease in glucose would be assimilation by 
viable Streptomyces cells. A working hypothesis, therefore, would be that the culture 
physiology changes with tim e and sufficient cells become present to respond to increased 
glucose requirements by increasing enzyme secretion. Due to the insolubility of the wood- 
flour substrate biomass estimations using optical density or dry cell weight could not be
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applied, therefore it was unknown at this stage if S. viridosporus was able to  grow or even 
survive in these conditions.
In order to  better understand the underlying culture physiology, it was necessary to  obtain 
an estimate of the extent of hyphal growth in the culture. To this end, protein assays were  
carried out on the wood-flour based cultures.
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Figure 15: Total, pellet and supernatant protein concentration in S. viridosporus cultures 
during a preliminary experiment using aerobic stirred flasks (SSOrpm) at 37°C, grown in 
defined culture medium containing lignocellulose in the form of wood-flour. N=1 with 5% 
error of technique.
Differentiating between pellet (centrifuged) and supernatant, protein concentration was 
measured throughout the tim e course (Figure 15). Protein concentration for both total and 
pellet protein increased. The increase in pellet protein implies cell growth throughout the  
tim e course. The increase in pellet protein fraction (ie cell growth) at the end of the culture 
is consistent with the postulated increased assimilation of glucose (Figure 16) and secreted 
enzymes (Figure 14). Experiments testing the degradation of corn lignocellulose w ith S. 
viridosporus cultures, found that cell mass reduced over tim e, but was still active at the end 
of the tw o week experiment (Adhi et ai., 1989). These findings suggest that although the
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culture did not increase in cell concentration, viable cells were able to persist, using 
lignocellulose as a nutrient source. Consistent with this, a corresponding reduction in 
lignocellulose concentration was also detected over the course of the experiment (Adhi et 
al., 1989).
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Figure 16: Supernatant glucose concentration plotted against pellet protein concentration 
from a preliminary experiment of S. viridosporus cultures grown in defined culture medium  
containing wood-flour. The experiment was carried out in aerobic stirred flasks (350rpm ) at 
37°C. N=1 with a technical error of 5%. R=0.8731.
Patterns of cell growth, enzyme activity and glucose release followed logical trends but were  
not precisely synchronised at the end of the culture. The apparent rise in cell concentration  
(pellet protein) at 144 h following a decline (Figure 15), does not specifically reflect 
corresponding changes in enzyme activity and glucose release, possibly due to a change in 
cell physiology at end of the culture, or, perhaps, a reflection of the indirect nature of 
protein estimation as a means of estimating cell concentration. However, the overall trend  
of increasing growth, enzyme activity and specific glucose assimilation give a high degree of 
confidence that significant microbially-mediated glucose release from w ood-flour is taking  
place in S. viridosporus cultures.
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3.4 Chapter Summary
A. cellulolyticus was identified as a promising organism for the liberation of glucose and 
other ferm entable sugars from lignocellulose substrates such as wood-flour. It produces 
cellulase enzymes that are very heat stable and is able to  grow in conditions suited to  
degradation of cellulose substrates. Unfortunately, due to  the fastidious culture 
requirements, growth on solid culture media proved difficult. These difficulties highlighted 
during preliminary experiments using A. cellulolyticus lead to the decision of selecting a new  
cellulose degrading organism.
Streptomyces species were noted as potential candidates for the liberation of ferm entable  
sugars from lignocellulose substrates, due to recent publications. Characteristics such as the  
secretion of a variety of enzymes and their filamentous morphology are thought to be 
beneficial to the colonisation and degradation of planet material. These beneficial 
characteristics in conjunction with the expertise of the laboratory in Streptomyces culture 
made the genus a clear starting point for the identification of a new lignocellulose degrading 
candidate for this project.
Screening experiments were carried out to test the potential of four Streptomyces. All four 
have been highlighted as potential candidates during the literature review and through  
discussions with the University of Warwick, another IBTI group m em ber. Screening 
experiments consisted of flask experiments using CMC and cellobiose as carbon sources 
with biomass concentrations measured (Figure SFigure 10). The ability for cultures to  grow  
using CMC and cellobiose as carbon sources were used as an indicator for the production of 
cellulase enzymes. To produce more comparable results, improvements to  the screening 
experiments could have been made, for example the biomass concentrations of the  
inoculum for each culture should have been the same, for example 0.5 gl.
S. viridosporus was selected from the screening experiments as the cellulose degrader to  be 
investigated during this project. Although biomass concentrations were relatively low during 
the screening experiments, in both cases biomass concentration increased over tim e  
suggesting the utilisation of CMC and cellobiose as carbon sources (Figure 9Figure 10). The 
biomass results from the screening experiments in conjunction with published data
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suggesting its secretion of cellulase enzymes and its ability to degrade lignin candidate 
worthy of further investigation. These initial experiments however did indicate the tendency 
of S. viridosporus to  form pellets in submerged culture, a characteristic that can complicate 
laboratory investigations.
W ood-flour flask experiments were carried out to test the ability of S. viridosporus cultures 
to  utilise natural lignocellulose substrates as nutrient sources, with minimal pre-treatm ent. 
The ability of S. viridosporus to degrade lignin was seen to be a major benefit in the process 
of lignocellulose degradation for bioethanol production. As discussed in the introduction 
(Chapter 1), one of the most difficult and expensive steps in lignocellulose hydrolysis is the  
removal of lignin. The use of S. viridosporus cultures may reduce the complexity and cost of 
lignocellulose degradation by naturally degrading the protective lignin in conjunction with  
cellulose degradation. Throughout the flask experim ent glucose was detected in culture 
supernatant and in higher concentrations when compared to a control, suggesting glucose 
liberation for the lignocellulose via microbial action (Figure 13). This observation that 
glucose could be liberated from wood by microbial action, faster than its assimilation rate 
by the growing culture, was a significant finding, providing a platform and opportunity for 
further study.
Cellulase enzymes assays were also carried out during the wood- flour flask experiments 
detecting both endoglucanase and ^-glucosidase activity in culture supernatant (Figure 14). 
These findings indicate the synthesis and secretion of cellulase enzymes, a beneficial 
characteristic of a bacterial culture used for lignocellulose degradation.
Due to the insolubility of wood-flour biomass estimations using optical density of dry cell 
weight could not be applied causing uncertainty of w hether the S. viridosporus cultures 
were still viable at the end of the flask experim ent or if the lignocellulose degradation was 
caused by the continual effects of the secreted cellulase enzymes. Protein assays were  
preformed to give an indication of S. viridosporus w ithin the wood- flour flasks, w ith results 
suggesting some survival of viable 5. viridosporus cells (Figure 15).
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Chapter 4: Use of chemostat pre-culture for wood-flour 
degradation
4.1 Chapter overview
Experiments described in the previous chapter in conjunction with the literature review  
highlighted S. viridosporus to be a replacement of 4 . cellulolyticus as a cellulose degrader.
S. viridosporus cultures were able to grow using CMC as the sole carbon source suggesting it 
was able to produce the cellulase enzymes described in the literature. Further experiments 
using wood- flour as natural lignocellulose substrate detected cellulase enzyme activity in 
culture supernatant, giving evidence to the synthesis and secretion of cellulase enzymes. 
The secretion of cellulase enzymes is a desirable characteristic of a culture used for 
lignocellulose degradation. The most significant finding from the wood- flour experiments 
was the detection of glucose, presumed to  be liberated from the lignocellulose, in culture 
supernatant. This finding suggests that S. viridosporus cultures can liberate ferm entable  
sugars such as glucose at a faster rate than subsequent utilisation. Continuous cultures, 
using a chemostat, were undertaken in order to  study the effects of growth rate on factors 
such as the secretion of cellulase enzymes, cellulose degradation rate and subsequent ré­
utilisation of liberated glucose. The objective of this experim ent was to identify a growth  
rate of S. viridosporus cultures that caused the secretion of cellulase enzymes to increase, 
with the cellulose degradation rate also increasing.
Due to  the insolubility of natural lignocellulose substrates, such as wood- flour, synthetic 
cellulose in the form of CMC was used as the main carbon source within the continuous 
culture. The effects of growth rate on the degradation of natural lignocellulose substrates 
was investigated using flask experiments containing autoclaved wood- flour that were  
inoculated using chemostat culture from each of the growth rates tested. The versatility and 
reproducibility of continuous cultures makes them  beneficial for studying the ongoing 
biochemistry of a culture and once the culture has achieved a 'steady- state', the
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environment and culture physiology are assumed to be invariant (Hoskisson and Hobbs, 
2005). A culture is described as being in a steady- state when the dilution rate is equal to the  
growth rate. During this continuous culture, a steady state was determined by setting the  
dilution rate and allowing for four complete through- puts of culture media, before samples 
taken. The tim e for at least one complete through-put of culture media was recorded 
between the three repeats taken at each growth rate tested.
4.2 Basic Principles of a continuous culture
The basic principle of a continuous culture is the relationship between specific growth rate 
of a microbial culture (p) and substrate concentration (s) (Monod, 1942). The term  
chemostat and its system was described some 8  years later, simultaneously by tw o separate 
teams Novick and Szilard (Novick and Szilard, 1950), who named the term  chemostat, and 
Monod (Monod, 1950).
According to  classical chemostat kinetics (Equation 9) excess substrate should remain in the  
culture spent medium at high dilution rates (Figure 17) (Herbert et al., 1956).
Equation 9: The steady state. W here s~ is the steady state excess substrate concentration, D 
is the dilution rate and pmax is the maximum specific growth rate of the culture (for units 
see legend of Figure 17).
= Ks( ^zTFt )
l^^max ^  '
Taking this principle in to consideration it was hypothesised that a dilution rate in which the  
rate of CMC degradation is faster than glucose utilisation by the culture could be achieved, 
generating excess glucose in the supernatant. If this approach was successful, similar 
techniques could then be applied to lignocellulose degradation in the form of w ood-flour to  
achieve the goal of excess glucose in the culture medium.
An observation during flask, batch culture experiments, carried out during this study using S. 
viridosporus was the cultures tendency to form pellets. Reformulating the culture medium  
reduced the proportion and size of pellets but failed to elim inate them  completely. Prior
94
experiments using the chemostat system for the growth of Streptomyces species have found 
that the growth rate can affect the organism's tendency to form  pellets (Noack, 1988). As 
such a range of growth rates were measured to identify conditions that reduced the  
pelleting of the culture.
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Figure 17: Predicted steady state excess substrate concentration from chemostat kinetics,
21
significantly at dilution rates above 0.18 h'^.
using Equation 9: Ks 0.01 gL‘\- prnax 0.  h' .^ The excess substrate concentration rises
4.3 5. viridosporus continuous cultures
S. viridosporus was grown in chemostat culture containing carboxymethylcellulose (CMC) 
1% W /V  and cellobiose 1 gL'  ^as the sole carbon sources. In these chemostats the carbon, in 
the form of CMC was the limiting substrate.
Biomass concentrations showed no obvious pattern of variation between 0.78 and 1.1 gL'  ^
around a mean value of 0.98 gL'  ^ (Figure 18). This relatively constant biomass concentration  
suggests that at each growth rate the culture was at a steady state. This is consistent w ith
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the theoretical pattern of bacterial cell density, according to classical chemostat kinetics 
(Herbert et al., 1956), which stays relatively constant until reducing rapidly during the 
'Wash- out phase' at faster growth rates (Equation 10 & Figure 19).
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Figure 18: Steady state biomass concentrations as a function of dilution rate with CMC and 
cellobiose as sole carbon sources in continuous culture. S. viridosporus was grown in a 
continuous culture using the following standard operating procedures: Stirred at 750rpm , 
aerated by sparging air 0.25 v /v/m in; 37°C; pH7 controlled with the addition of IM  NaOH or 
IM  HCL. Data are the mean of 3 tim e points at each steady state, taken after successive 
culture through-put times in chemostat culture. The error bars represent standard deviation 
of the means based on three sets of replicas for each data point. R= 0.2685, calculated using 
a Pearson correlation coefficient. N=3.
Equation 10: Classic chemostat kinetic equation used to calculate biomass at steady state 
where X= biomass, Y= yield constant, D= dilution rate, Sr= growth limiting substrate, Pmax= 
maximum specific growth rate and Ks= the maximum assimilation rate of the limiting 
substrate (Herbert et al., 1956).
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Figure 19: Theoretical bacterial concentration in a steady- state continuous culture, 
dropping in concentration when the growth rate of the organism cannot match the rate of 
diltuion. Calculated from the classical chemostat kinetics, Equation 5 (Herbert et al., 1956).
Re-plotting of the data as productivity values, indicated an increase in biomass 
concentration with dilution rate (Figure 20), particularly at higher dilution rates. This result 
suggests that the efficiency of substrate break-down and utilisation is increased in faster 
growing cultures.
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Figure 20: Steady state bacterial cell concentration and productivity calculation as a function 
of dilution rate with CMC and cellobiose as sole carbon sources in a continuous culture. S. 
viridosporus was grown in a continuous culture using the following standard operating 
procedures: Stirred at 750rpm , aerated by sparging air 0.25 v/v/m in; 37°C; pH7 controlled 
with the addition of IM  NaOH or IM  HCL. Data are the mean of 3 tim e points at each steady 
state, taken after successive culture through-put times in chemostat culture. The error bars 
represent standard deviation of the means based on three sets of replicas for each data 
point. Biomass production rate correlated with growth rate, R= 0.9436, calculated using a 
Pearson correlation coefficient. N=3.
Throughout the continuous culture, biomass production rates were lower when compared 
with those expected of Streptomyces cultures growing on monomeric sugars. Streptomyces 
aureofaciens for example averages around 3.3 gL'  ^ biomass concentration in steady state, 
with sucrose as the limiting carbon source (Sikyta et al., 1960). Preliminary experiments 
performed when S. viridosporus was first selected for this study recorded biomass
concentrations of 2  gL'  ^ in defined medium containing 1 1  gL'  ^glucose, calculating a biomass 
yield of 0.181. A batch culture of S. viridosporus using glycerol (7 gL'^) as the sole carbon 
source produced a maximum biomass concentration of 2 gL'  ^ after 4 days of incubation 
(Hernandez-Perez et ai., 1997), producing a biomass yield of 0.286, nearly double that of 
S.viridosporus. However because of the differences in experimental conditions between the  
tw o conditions, any comparisons should be treated with caution.
Vegetative growth was accompanied by spore form ation (Figure 21) with spore count being 
inversely proportional to growth rate (as might be expected) and, therefore, proving to  be
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the converse of biomass production rate. A similar pattern was previously observed in 
continuous cultures of Streptomyces albidoflavus, where the 'specific submerged spore 
formation rate was inversely related to  the specific mycelial growth rate' (Rho and Lee, 
1994). Secondary metabolites, for example antimicrobial compounds produced by 
Streptomyces species, accompany spore formation (Champness, 1988; Rho and Lee, 1994). 
Cellulases are thought to be produced during primary metabolism in bacterial cultures and 
therefore the reduction in spore concentration and secondary metabolite form ation, may 
suggest an increase in primary metabolism, that could lead to  an increase in cellulase 
production (Demain, 1998; Godden e ta l., 1992).
Overall, these results indicate a culture working hard to  keep pace with the supply of a 
comparatively recalcitrant substrate.
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Figure 21: Steady state spore concentration and biomass productivity calculation as a 
function of dilution rate with CMC and cellobiose as sole carbon sources in continuous 
culture. S. viridosporus was grown in a continuous culture using the following standard 
operating procedures: Stirred at 750rpm , aerated by sparging air 0.25 v/v /m in; 37°C; pH7 
controlled with the addition of IM  NaOH or IM  HCL. Data are the mean of 3 tim e points at 
each steady state, taken after successive culture through-put times in chemostat culture. 
The error bars represent standard deviation of the means based on three sets of replicas for  
each data point. N=3.
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Figure 22: Steady state CMC degradation rate as a function of dilution rate with CMC and 
cellobiose as sole carbon sources. S. viridosporus was grown in a continuous culture using 
the following standard operating procedures: Stirred at 750rpm , aerated by sparging air 
0.25 v /v /m in; 37°C; pH7 controlled with the addition of IM  NaOH or IM  HCL. Data are the  
mean of 3 tim e points at each steady state, taken after successive culture through-put times 
in chemostat culture. The error bars represent standard deviation of the means based on 
three sets of replicas for each data point. R= 0.9703, calculated using Pearson correlation 
coefficient. N=3.
The CMC degradation rate also increased with dilution rate (Figure 22), showing an overall 
correlation with culture productivity (Figure 23). Again, these results suggest that the 
culture is working hard to keep up with the dilution (growth) rate and correlates well with  
previous results, including biomass concentration and the reduction of spores. As the  
growth rate increases so does the demand for nutrients such as carbon. The only way for 
the organism to m eet the increased metabolic demand imposed by increasing the dilution 
rate, was to liberate glucose molecules incorporated within the long chains of cellulose at a 
proportionate rate.
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Figure 23: Correlation between CMC degradation rate and biomass production rate of 
S.viridosporus when grown in a continuous culture containing CMC and cellobiose as carbon 
sources. S. viridosporus was grown in a continuous culture using the following standard 
operating procedures: Stirred at 750 rpm, aerated by sparging air 0.25 v /v /m in; 37°C; pH7 
controlled with the addition of IM  NaOH or IM  HCL. Data are the mean of 3 tim e points at 
each steady state, taken after successive culture through-put times in chemostat culture. 
The error bars represent standard deviation of the means based on three sets of replicas for 
each data point. R= 0.9217, calculated using a Pearson correlation coefficient. N=3.
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Figure 24: Cellulase enzymes activity, liberated by S.viridosporus in continuous culture 
compared with the CMC degradation rate over a series of dilution rates with CMC and 
cellobiose as sole carbon sources. S. viridosporus was grown in a continuous culture using 
the following standard operating procedures: Stirred at 750rpm, aerated by sparging air 
0.25 v /v/m in; 37°C; pH7 controlled with the addition of IM  NaOH or IM  HCL. Data are the  
mean of 3 tim e points at each steady state, taken after successive culture through-put times 
in chemostat culture. The error bars represent standard deviation of the means based on 
three sets of replicas for each data point. N=3.
The activities of all three of the enzymes making up the cellulase enzyme complex were  
determined and found to exhibit a complex pattern of activity (Figure 24). W ith the CMC 
degradation rate increasing and the close correlation between CMC degradation rate and 
biomass production rate, it was expected that the activity of all three enzymes would also 
correlate with dilution rate. Although this was not the case, interestingly, although the  
enzymes activities do not correlate with dilution rate, all three enzymes follow a similar 
activity pattern. One explanation may be the induction of cellulase enzymes by their own 
substrates and may, therefore, be a factor in determining this complex pattern, with  
enzyme activity being a function of inducers present as well as cell growth rate and 
substrate availability.
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Figure 25: Steady state glucose concentration in continuous culture supernatant of S. 
viridosporus culture as a function of dilution rate with CMC and cellobiose as sole carbon 
sources. S. viridosporus was grown in a continuous culture using the following standard 
operating procedures: Stirred at 750rpm , aerated by sparging air 0.25 v/v /m in; 37°C; pH7 
controlled with the addition of IM  NaOH or IM  HCL. Data are the mean of 3 tim e points at 
each steady state, taken after successive culture through-put times in chemostat culture. 
The error bars represent standard deviation of the means based on three sets of replicas for 
each data point. N=3.
Glucose concentration at each growth rate was measured. The main aim of this experim ent 
was to determ ine the optimal growth rate of S. viridosporus that would degrade the CMC at 
a faster rate than it can utilise the liberated glucose. Optimal conditions were determ ined at 
a dilution rate of 0.11 h'^ (Figure 25).
4.4 Effect of chemostat dilution rate on the ability of the culture to liberate glucose 
from wood-flour
At each growth (dilution) rate tested, the chemostat culture was used to inoculate flasks 
containing sterile wood-flour. This experiment would determ ine w hether there was a
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relationship between the growth rate of the inoculum and lignocellulose degradation, and 
ultimately glucose liberation.
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Figure 26: Glucose concentration in S. viridosporus culture supernatant from a flask 
experiment using suspended continuous culture that contained CMC and cellobiose as 
carbon sources to inoculate suspensions of sterile 40 mesh wood-flour contained within the 
flasks. The legends within the key refer to the dilution rate at which the S.viridosporus 
suspension was taken from the continuous culture. The aerobic stirred (350rpm ) flask 
experiment was carried out at 37°C. The error bars represent standard deviation of the  
means based on three sets of replicas for each data point. Using a one-way ANOVA a 
significant difference was identified between the pre-culture growth rates and glucose 
concentration, with a P value of 0.0023 and significant differences between O .llh '^  
compared with 0.13h'^ and O .l lh ’  ^ compared with 0.14h'^ calculated using a Turkey multiple 
comparison test. N=3.
The liberation of glucose from steady- state cultures showed a linear relationship with tim e  
(Figure 26). The difference between this experiment and the majority of previously 
published studies surrounding the degradation of lignocellulose substrates is that only 
minimal pre-treatm ent of the wood-flour was required during these studies. This simple 
process consisted of autoclaving at 121°C for 15 minutes (Bharathiraja and Jayamuthunagai, 
2008; Hsu e ta /., 2011).
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The fungus Trichoderma reesei (T. reesei) has also been shown to degrade wood in the form  
of saw dust (Bharathiraja and Jayamuthunagai, 2008). Although the glucose concentration 
was not determ ined, the substrate concentration (wood residue) showed a marked 
reduction over 8  days of incubation. The saw dust was pre-treated with sodium hydroxide 
and autoclaved twice as long compared with the process used in this experiment before 
being exposed to the fungus. Although the saw dust concentration decreased over tim e, 
glucose concentration was not determ ined and it is therefore not known how much of the  
liberated glucose was utilised by the organism (Bharathiraja and Jayamuthunagai, 2008).
An example of a Streptomyces species being used to  degrade cellulosic material was 
published in 2011 (Hsu et al., 2011). Although corncob was used as the substrate and not 
wood, a similar pattern in glucose liberation was observed, with an excess of glucose 
concentration increasing over tim e (Hsu et a!., 2011). There was a significant difference in 
the liberated glucose concentration when comparing the results to this study; 40 gL'  ^
maximum from  the corncob (Hsu et a!., 2011) compared with a maximum concentration of 
60 mgL'^ during the tim e course experiments presented in this study. This difference in 
glucose liberation could be due to  many factors including the significant difference in the  
length of tim e the experiments were carried out, but could also reflect the type of substrate 
used, the amount of lignin in the sample, the surface area of the substrate and pre­
treatm ents used. The corncob was pre-treated using acid and then autoclaved at 121°C for 
60 minutes. Using this pre-treatm ent procedure the glucose concentration at 0 h was 
already ~5 gL'  ^ (Hsu et a!., 2011).
In order to compare the average rates of glucose liberation of each culture, the slope of the  
line of best fit was calculated. Glucose liberation rate was shown to increase w ith growth  
(dilution) rate (Figure 27).
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Figure 27: Rates of liberation of glucose from a suspension (Ig ) of 40 mesh wood-flour 
suspended in chemostat culture during an aerobic, stirred (SSOrpm) flask experim ent at 
37°C. Cultures of S.viridosporus used as inoculum were taken from a range of dilution rates 
during a continuous culture using CMC and cellobiose as sole carbon sources. R =0.8680, 
calculated using Pearson correlation coefficient. N=3.
Results from the chemostat culture highlighted that cellulose degradation increased as the  
growth (dilution) rate increased (Figure 22), and at higher growth rates the utilisation rate of 
the liberated glucose was clearly lower than the glucose liberation rate (Figure 25). Similar 
cellulose fed, continuous culture experiments, were previously carried out using the  
cellulolytic bacterium Ruminociccus flavefaciens FD-1 (Shi and W eim er, 1992). Despite an 
alternative source of cellulose being used, the rate of degradation increased with dilution 
rate and the amount of liberated glucose utilised decreased (Shi and W eim er, 1992). Flere 
with the chemostat data and other experiments using a different organism and cellulose 
source, both showing the same trend in substrate degradation, it was hypothesised that the  
rate in which the wood-flour would be degraded (in the stirred flasks) would increase w ith  
the growth rate of the inoculum (from the chemostat), but at the same tim e, because the  
cultures were not in the controlled and regulated environment of the chemostat, it was not 
known w hether the cultures would continue working at the same rate over the tim e course.
106
0.9
0 0 .0 5
□  0.13
>  0.3
0.2
0.1
100 12040 140
Time (h)
Figure 28: Endoglucanase activity detected in S.viridosporus cultures during an aerobic 
stirred (350rpm) flask experiment at 37°C containing 40- mesh wood-flour suspended 
inoculated with continuous culture suspensions from tw o dilution rates O.OSh'^ and 0.13h'^. 
The error bars are 5% error of the technique. N=3.
During the wood-flour flask experiments the slowest and fastest growth rates had cellulase 
enzyme activity monitored. All three cellulase enzymes were tested; Exoglucanase, 
endoglucanase and (3-glucosidase. Previous experiments using Streptomyces species to  
degrade corncob, had found that enzyme activity and the resultant glucose liberation rate 
increased over tim e (Hsu et a!., 2011). A similar result was observed in T. reesei cultures 
degrading saw dust (Bharathiraja and Jayamuthunagai, 2008).
In flask batch cultures, inoculated with either 0.05 or 0.13 h'  ^ chemostat cultures, no 
exoglucanase or (3-glucosidase activity and only a low am ount of endoglucanase activity was 
detected (Figure 28). The increase in glucose concentration detected in the supernatant in 
all tim e courses inoculated with S. viridosporus chemostat culture compared with the  
control gives a good indication that it is the activity of the culture liberating the glucose 
(Figure 26), but the lack of enzyme activity detected suggests a more complex relationship 
between enzyme activity and glucose liberation. One hypothesis for the lack of enzyme 
activity detected is that the cellulase enzymes may be attached to  the organism, and not 
released into the surrounding environment. Streptomyces reticuli for example has found to  
contain mycelium- associated cellulases as well as extracellular cellulases (Wachinger et a!.,
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1989). Cell- bound cellulase enzymes, also known as cellulosomes, have been identified on 
many cellulolytic bacteria (Lamed et al., 1987). For example the majority of cellulases 
produced by the rumen bacterium Ruminococcus albus (/?. albus) are cell-bound (Wood et 
a!., 1982). In 1986, it was discovered that on the cell surface of Clostridium thermocellum  (C. 
thermocellum), were cellulose binding, mutli-cellulase containing protein complexes (Bayer 
and Lamed, 1986). These complexes were found to transform when in the presence of 
cellulose. During this transformation the complexes attach themselves to the cellulose fibrils 
and acted as 'contact corridors' (Bayer and Lamed, 1986). Not only were these complexes 
found on the cell surface but some were found cell-free attached to the cellulose (Bayer and 
Lamed, 1986). A year later, this work was expanded and a range of bacteria were analysed 
for the presence of this cell bound protein complex. The results showed that all cellulolytic 
bacteria tested, including Gram negative. Gram positive, aerobic and anaerobic, 
thermophilic and mesophilic, contained these complexes (Lamed et al., 1987). No 
Streptomyces species were screened for the presence of protein complex during their 
experiments, but taking this set of findings in to consideration and the mycelium-associated 
cellulases of S. reticuli (Wachinger et al., 1989), it is at least plausible to suggest cell- bound 
cellulases may be present on the surface of S. viridosporus.
4.4.1 Electron micrographs of wood-flour
To gain more understanding of the mechanisms taking place to degrade the wood-flour, 
electron micrographs were taken at several tim e points during the flask experiments (Oh, 
72h and 120h). It was hypothesised, as outlined previously, that due to  the lack of enzyme 
activity in the culture supernatant that the cellulase enzymes themselves were attached to  
the wood-flour and taking in to consideration the concentrations of enzyme activity inside 
the chemostat, it was also hypothesised that the enzymes could be bound to the organism. 
Bringing both hypotheses together one thought was that the organism was able to  attach  
itself to the wood-flour using mycelium bound cellulases. Because bacterial growth was not 
measured during the wood-flour tim e course it wasn't known if the culture was still live or if 
it had been diminished due to the toxicity of lignin degradation. Using electron micrographs 
it was hoped that some of these questions could be answered.
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Figure 29: : Electron micrographs at a magnification of 650x, of wood-flour, 40 mesh at 0 hours 
during an aerobic, stirred flask experiment at 37°C. A) S. viridosporus inoculated sample B) 
Control. The micrographs clearly show the smooth layer of lignin and some exposed fibrils 
thought to be cellulose.
At 0 hours both the test and control wood-flour appear to have very smooth surfaces 
suggesting that the protective layer of lignin is intact (Figure 29). No difference could be 
seen between the tw o samples.
m .
Figure 30: Electron micrographs at a magnification of l,50Qx of wood-flour, 40 mesh at 72 hours 
during an aerobic stirred (350rpm) flask experiment at 37°C . A) S. viridosporus inoculated sample 
B) Control. The electron micrographs illustrate the difficulty of determining S.viridosporus hyphae 
from wood fibrils. The structure highlighted in image A is thought to be S.viridosporus due to the  
pattern of branching.
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At first glance the control and inoculated wood-flour appear to be very similar after 72 
hours incubation (Figure 30). The smooth outer shell has started to become rough with 
what looks to be cellulose fibrils coming through. From the glucose liberation results we 
know that some natural degradation did occur during the control tim e course. The 
mechanical stirring of the sample may have contributed to this. However, in the centre of 
the image (A) there is a cluster that looks more like branching Streptomyces mycelium than 
cellulose fibrils.
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Figure 31: Electron micrographs at a magnification of X4,300 of wood-flour, 40 mesh at 
72 hours during an aerobic, stirred flask experiment of S.viridosporus at 37°C. A) 
Increased magnification of the suspected S. viridosporus in Figure 30, A. B) Suspected S. 
viridosporus attached to wood-flour. The structures highlighted are thought to be 
S.viridosporus due to the pattern of branching of hyphae.
A closer look at the samples taken at 72 hour tim e points show potential S. viridosporus 
mycelium (Figure 31). Because of the morphology of Streptomyces it was difficult to  
determ ine the difference between cellulose fibrils and suspected Streptomyces. The pattern 
of branching however implies that these images are of S. viridosporus.
These images of S. viridosporus, give some support to the hypothesis that the organism 
attaches itself to the wood-flour. This attachment to the lignocellulose substrate may be via 
the carbohydrate-binding protein (CbpC), which is present in the majority of Streptomyces 
species, see review (Chater et al., 2010). Streptomyces coelicolor, for example produces
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CbpC in the presence of cellobiose and cellulose, which attaches itself to the peptidoglycan 
layer of mycelia (W alter and Schrempf, 2008). The binding protein was found to react 
strongly with crystalline cellulose (W alter and Schrempf, 2008). As well as the CbpC, some 
Streptomyces species also contain cellulose- binding protein (AbpS). AbpS produced by 
Streptomyces reticuli has a strong adherence to crystalline cellulose in the form avicel, but 
has a weak response to soluble cellulose, for example CMC (W alter et al., 1998). During 
exposure to  cellulose the protruding N- terminus of the AbpS attaches to the crystalline 
cellulose, while the transmembrane domain containing, C terminus, stays situated in the 
hyphae cytoplasm (W alter and Schrempf, 2003).
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Figure 32: Electron micrographs at a magnification of 650x of wood-flour, 40 mesh at 120 
hours during an aerobic stirred (3S0rpm) flask experiment at 37°C. A) S. viridosporus 
inoculated sample B) Control. The micrographs illustrate that due to the similarities in 
structure it's difficult to determine S. viridosporus hyphae from wood fibrils thought to be 
cellulose.
At 120 h a there is a significant difference betweenthe S. viridosporus inoculated wood-flour 
and the control (Figure 32). Although the control shows some signs of degradation and 
cellulose fibrils can be seen, it still retains the smooth protective layer of lignin in parts. As 
previously observed with the S. viridosporus inoculated wood-flour, it is difficult to 
distinguish which individual features are cellulose fibrils and which are the organism.
However the electron micrographs support the result that lignocellulose degradation occurs 
at a faster rate in the presence of S. viridosporus. Although the cellulose fibrils and 
Streptomyces look very similar in morphology, there is evidence to suggest that the
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organism attaches itself to  the wood-flour, which may be facilitated through carbohydrate 
and cellulose binding proteins.
4.5 Correlation of continuous culture growth rate and glucose liberation in wood- 
flour flask experiments
Of all the data measured in this experiment, the specific rate of CMC degradation in 
chemostat culture provided an accurate predictor of the potential performance of S. 
viridosporus in culture for liberating glucose from wood-flour (Figure 33).
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Figure 33: Glucose liberation rate from an aerobic stirred (350rpm ) flask experim ent at 37°C  
containing wood-flour suspended in cultures taken from a continuous culture of S. 
viridosporus over a range of dilution rates, correlated with CMC degradation rate during the  
continuous culture using CMC and cellobiose as carbon sources and the following standard 
operating parameters; Stirred at 750rpm, aerated by sparging air 0.25 v /v /m in; 37°C; pH7 
controlled with the addition of IM  NaOH or IM  HCL. Data are the mean of 3 tim e points at 
each steady state, taken after successive culture through-put times in chemostat culture. R= 
0.8746, calculated using Pearson correlation coefficient. N=3 with 5% error.
This param eter (CMC degradation rate) clearly increased with growth rate, indicating that 
rapidly growing cultures have the highest potential for degrading wood. This was partially 
reflected in cellulolytic enzyme activity within the chemostat culture (Figure 24).
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4.6 Chapter summary
The aim of this chapter was to identify a growth rate of S. viridosporus th a t allowed for the  
increase in cellulase enzyme secretion and glucose liberation rate, while reducing the rate of 
glucose utilisation by the culture. It was also hypothesised that the use of a chemostat could 
reduce the cultures 'pelleting' morphology.
A total of five growth rates were investigated during this continuous culture experiment 
from 0.05 h'^ to 0.13 h"^ . Biomass production rate increased with growth rate while the  
number of spores within the culture reduced (Figure 21). Similar results were found during 
continuous cultures of S. aibidofiavus, w ith submerged spore formation inversely related to 
mycelial growth (Rho and Lee, 1994). The results suggest that as the growth rate increases 
the culture has to work harder to keep pace w ith the addition of the comparatively 
recalcitrant substrate. CMC degradation rate also increased with growth rate correlating 
with biomass production rate. It was hypothesised that with the increase in CMC 
degradation there would also be an increase in supernatant glucose concentration. Despite 
glucose being detected in culture supernatant, at the tw o fastest rates tested, it did not 
strictly increase with growth rate, with results suggesting a growth rate of O .llh '^  would be 
optimal for glucose liberation from CMC.
During the continuous culture, using soluble CMC as the main carbon source (3- glucosidase 
activity was detected at all dilution rates (Figure 24) and appears to be primarily responsible 
for subsequent glucose liberation. A similar conclusion was found during investigations into 
cellulases produced by Trichoderma and Pénicillium species, stating that (3-glucosidase and 
xylanase were major factors when determining the degrading ability of cellulase 
preparations towards lignocellulose in the form of soft wood (Berlin et al., 2005b).
W ood- flour experiments inoculated with cultures from the continuous culture showed a 
correlation between glucose liberation from the natural lignocellulose source and the  
growth rate of the pre-culture used for inoculation (Figure 27). These results lead to  the  
hypothesis that cellulase enzyme activity in the supernatant of the w ood- flour flask 
experiment would also increase with the pre- culture growth rate. To test this hypothesis 
cellulase activity was monitored in the supernatant o f the slowest and fasted growth rate
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flasks. The beta- glucosidase effect, in the wood-flour experiments, appears to  have been 
enhanced when exoglucanase was the predominant additional cellulose degrading enzyme, 
rather than endoglucanase in the chemostat culture (Figure 24). This seems completely 
logical since p-glucosidase requires cellobiose as its substrate in order to liberate glucose 
and this is produced by exoglucanase. Endoglucanase, on the other hand breaks cellulose 
into shorter chains that are not amenable to beta-glucosidase mediated glucose liberation 
using the mechanism described in the introduction. The endgolucanase activity did not 
increase with pre- culture growth rate, with no activity found in a number of tim e points for 
both growth rates tested (Figure 28). One hypothesis for the lack of enzyme activty within  
the culture supernatant was the ability of S. viridosporus to  produce cellulosomes. 
Cellulosomes are cellulases attached to the cell wall and would therefore not be detected  
during assays testing culture supernatant.
Electon micrographs were taken during the wood-flour flask experiment to  explore the  
activities of 5. viridosporus culture during its exposure to natural lignocellulose. Due to the  
insolubility of wood-flour biomass estimations using optical density and dry cell weight 
methods could not be used and it was therefore not know if S.viridosporus was able to grow  
using the lignocellulose as a nutrient source or if the culture had died, with the secreted 
enzymes still active throughout the tim e course. The electron micrographs suggest that S. 
viridosporus does survive using wood-flour as a source of nutrients and that it attaches itself 
to the lignocellulose substrate. This attachem ent to the lignocellulose substrate gives 
further evidence to support the hypothesis of the presence of cellulosomses. Due to the  
morphology of S. viridosporus and the structure of cellulose and hemicellulose it was 
difficult to deferentiate between them . Comparing electron micrographs taken of samples 
from wood-flour flasks inoculated with S. viridosporus culture and control samples, a clear 
difference could be seen by 1 2 0  hours, with a significant amount of cellulose fibers exposed 
by S. viridosporus activty (Figure 32).
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Chapter 5: Effect of prolonged continuous culture on Streptomyces 
viridosporus
5.1 Chapter overview
In the past, continuous cultures have been used, not only to study microbial physiology, but 
also as a tool for the selection of strains with qualities compatible with nutrient limited 
cultures (Roth et al., 1986; Roth and Noack, 1982). Originally term ed 'strain degeneration', 
this phenomenon occurs in most bacterial species and has been shown to take place in 
cultures subjected to  repeated transfer techniques (Reusser et al., 1960; Perlman et al., 
1954; Williams and McCoy, 1953) as well as continuous cultures using a chemostat system 
(Roth e ta l., 1986; Sala and Westlake, 1966).
Chemostat systems have been used in the past for the strain developm ent of Streptomyces 
(Roth et al., 1986). The process was used to  select a strain o f Streptomyces hygroscopicus 
with enhanced capabilities of producing turimycin, a macrolide antibiotic (Roth and Noack, 
1982). Controlled variables, such as growth rate and tem perature were varied in the  
selection process as was the growth limiting substrate. Once the desired strain had been 
generated, it was subjected to  prolonged culture to determ ine w hether regression would 
take place. The selectant was found to  be stable w ith no reversion to the parental 
phenotype, which was interpreted to  mean that genetic information had been lost (Roth 
and Noack, 1982).
A chemostat system was set up and used to carry out a prolonged continuous culture in 
media containing CMC and cellobiose. The aim of this experim ent was to  investigate 
chemostat initiated adaptation of the S. viridosporus strain w ith the expectation (based on 
previous work in our laboratory) that a more homogenous culture, w ith less 'pelleting' 
would be selected out. Ideally, the selected strain would also be able to  degrade w ood-flour 
at a faster rate, but present a slower rate of glucose utilisation.
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Once a more homogenous strain of S. viridosporus was successfully isolated flask 
experiments were used to test the stability of the homogenous morphology and to  
investigate any benefits of the new morphology on lignocellulose degradation.
5.2 Prolonged continuous cultures of S. viridosporus
During prolonged continuous culture, morphological changes in the culture started to  
appear (Figure 34). A clear change in morphology occurred during growth rate 0.09h'^. It 
was hypothesised that strain selection may have successfully taken place, selecting out a 
more homogenous culture. W hen a chemostat system is used for strain selection, with the  
aim of creating a dispersed culture, it can be unclear if the change is phenotypic or genetic 
and therefore has the possibility to  regress back to its parental form (Hobbs e ta l.,  1989).
Morphological differences were also identified on agar plates with inoculations from  the  
more homogenous culture producing less of a green pigment. The name S. viridosporus 
suggests that the organism produces green spores and therefore the lack of green colour 
may suggest less spores being produced. The reduction in spores may be a sign of 'balding' 
{bid) a phenomenon describing a mutation in Streptomyces species that causes the loss of 
aerial mycelium formation (Chater, 1998). This mutation has been identified in a number of 
Streptomyces species including S. coelicolor and S. griseus (Chater, 1998). Investigations 
using S. coelicolor has suggested a link between bid  mutants and the reduced regulation in 
catabolite repression, finding S. coelicolor mutants resistant to  glucose repression were also 
bid mutants (Pope et ai., 1996). If this speculation was true then the selected strain could 
have the potential of over- producing cellulase enzymes due to  the lack of catabolite 
repression, a beneficial characteristic in the lignocellulose degradation process.
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%Figure 34: Micrographs taken using a light microscope of S. viridosporus using 'w et prep' 
technique, at steady state 0.09h'^ during a prolonged continuous culture using parameters; Stirred 
at 750rpm, aerated by sparging air 0.25 v/v/m in; 37°C; pH7 controlled with the addition of IM  
NaOH or IM  HCL. A) 1 through-put at 0.09h'^, magnification 250x B) 2 through-puts at 0 .09h‘ ,^ 
magnification 250x C) 3 through-puts at 0 .0 9 h '\ magnification 250x D) 4 through-puts at 0.09h' 
\m aginification 400x E) 5 through-puts at 0 .0 9 h '\ magnification 400x. The micrographs illustrate a 
change in morphology to a less pelleted culture. Arrows have been added to guide the reader.
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To test the hypothesis that strain selection had occurred in the present study, the original S. 
viridosporus strain. T a re n t' was compared with the last sample taken from  the continuous 
culture, thought to contain a 'Selected' strain. To help determine the significance and 
stability of this change, batch and chemostat 'wash out' experiments were carried out to 
compare the original S. viridosporus strain with the morphologically different strain cultured 
at the end of the continuous culture.
5.3 CMC and cellobiose time course experiments
A tim e course experim ent was carried out in stirred flasks, using carboxymethylcellulose 
(CMC) and cellobiose as the carbon sources. Biomass concentration and pellet size were 
monitored during the tim e course to  investigate w hether the selected strain would revert 
back to the more pelleted morphology, thereby losing the advantages attributed to more 
homogenous cultures. Frozen stocks of both strains were used as inocula for all comparative 
experiments and cultured according to the conditions described in chapter 2 .
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Figure 35: Comparison of biomass concentrations of S. viridosporus parent strain and 
selected strain, during a batch culture using CMC and cellobiose as carbon sources in 
aerobic stirred (BSOrpm) flask experiment at 37°C. The error bars represent standard 
deviation of the means based on three sets of replicas for each data point. N=3. W ith no 
significant difference P= 0.725592, calculated using a tw o tailed T-test.
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The culture biomass concentrations, for both parent and selected strain followed a very 
similar pattern. However, the high variability observed between the three biological 
replicates of the parent strain suggests the selected strain is a more reliable candidate for 
future experimentation (Figure 35). The variability in biomass concentration of the parent 
strain may have been caused by the pelleting of the culture.
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Figure 36: Average size of culture pellet of S. viridosporus parent strain and selected strain, 
isolated during a prolonged continuous culture, during a batch culture using CMC and 
cellobiose as carbon sources during an aerobic stirred (350rpm ) flask experiment at 37°C. 
The error bars represent standard deviation of the means based on 20 sets of replicas for 
each data point. N=20. P= 0.000204, calculated using a tw o tailed T-test.
Although both parent and selected strains produced pellets in the culture during the tim e  
course, there was a clear difference in the pellet size distributions (Figure 36). The results 
indicate that, during the tim e course, the selected strain did not revert back to  the  
morphology of pelleting, suggesting that the change in morphology may be stable, and not 
dependent on the continuation of the pressures imposed by the chemostat system. The size 
of pellets produced by the selected strain were maintained at approximately 0.18 mm in 
size throughout the experiment, whereas the proportion of pellets produced by the parent 
strain increased over tim e and showed a greater variability at each tim e point, compared 
with the selected strain.
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Figure 37: Micrographs taken at a magnification of 250x, of S. viridosporus parent strain and 
selected strain cultured during a batch culture carried out in aerobic stirred (SSOrpm) flask 
experiment at 37°C. Micrographs were taken using a light microscope and digital eye piece
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and strained using methylene blue. The micrographs illustrate a difference in culture 
morphology of the selected strain isolated during a prolonged continuous culture, compared 
with the parent strain. Arrows have been added to guide the reader.
Images were taken using a light microscope and digital eye piece during the tim e course to  
visually compare the morphology of the tw o strains (Figure 37). The slides were stained 
using methylene blue using the method described in Chapter 2. The images supported the  
pellet measurem ent results, suggesting that the morphology of the selected strain remains 
consistent throughout the tim e course, showing clearly defined, branching hyphea. The light 
micrographs clearly show a difference in morphology between the tw o strains, with the  
parent strain forming large dense pellets compared with the more homogenous and less 
pelleted selected strain.
If this change in morphology could be attributed to  changes at the genetic level then one 
hypothesis could be the over expression or mutation of the SsgA gene. During prior work on 
sporulation of Streptomyces griseus, (SsgA) was identified and linked to the inhibition of 
submerged sporulation of a Streptomyces griseus strain (Kawamoto and Ensign, 1995). 
Further research identified an entire family of proteins w ith similar characteristics of SsgA, 
and became known as SsgA- like proteins (SLAPs) (Traag and Van Wezel, 2008 ). Research so 
far has found that SLAPs are exclusive to  actinomycetes (Traag and Van W ezel, 2008 ). 
Within the streptromyces genus, 7 SLAPs have been identified in S. coelicolor and S. scabies, 
6  in S. avermitilis and 5 in S. griseus (Traag and Van W ezel, 2008 ). The functional role of 
SLAPs, including SsgA goes further than just the control of sporulation, but also peptoglycan 
maintenance (Van Wezel et al., 2006). Microarray analysis found that the deletion of SsgA in 
S. coelicolor, affected the expression of a huge array of genes, including developmental 
genes and genes involved in DNA segregation (Noens et al., 2007). Experiments using 
Streptomyces lividans to  produce tyrosinase found that the enhanced expression of SsgA led 
to improved growth, with the fragmentation of mycelial clumps (Van W ezel et al., 2006). 
Not only did the growth improve with less pelleting, but growth rates increased during 
batch fermentations and there was a twofold increase in tyrosinase production (Van W ezel 
et al., 2006).
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Another feature of some Streptomyces species to  consider during strain degeneration is 
their ability to be heterokaryons (Braendle and Szybalski, 1957). Heterokaryosis occurs 
when a single hyphal fragm ent contains multiple nuclei that are genetically different, and 
tends to occur via hyphal fusion (Bradley and Lederberg, 1956). This ability greatly benefits 
the organism, providing genetic interactions that result in diverse nuclei overcoming and 
adapting to  environmental stresses, together, that neither could alone (Bradley and 
Lederberg, 1956). Heterokaryosis has been shown to  occur in several Streptomcyes species 
including S. griseus, S. griseoflavous, S.frodioe, S. venezuelae, S. albus, S. sphaeroides and S. 
coelicolor (Braendle and Szybalski, 1957). These species were tested using modified 
standard techniques used for studying the genetic behaviour of filamentous fungi (Braendle 
and Szybalski, 1957). It involved creating auxotroph mutants using irradiation in the form of 
ultraviolet (UV) light as well as other techniques and then subsequent analysis of their 
interactions. Although heterokayrosis was detected it was noted that it did not occur 
between mutants of a significantly diverse origin, at a strain and species level (Braendle and 
Szybalski, 1957).
5.4 Wood-fiour flask experiments
In addition to comparisons of growth using CMC and cellobiose as the carbohydrate sources, 
wood-flour based flask experiments were used to compare the parent and selected strain. A 
similar method to the wood-flour tim e course experim ent used to test cultures from  the  
chemostat (chapter 4) was employed, however instead of using an inoculum straight from  
the chemostat, the strains were grown from  frozen stocks for 48 hours in initial culture 
media. Due to the potential difference in morphology during growth in the initial media, the  
biomass concentration was measured before inoculating the wood-flour flasks, to  ensure 
that any difference in concentration at the start was taken in to  consideration when  
comparing the results. The final biomass concentrations of the tw o cultures were; 2.089 gL'^ 
for the parent strain and 1.967 gL'  ^for the selected strain.
122
ïT  35 -
W)
30 -
•2 25
o 15
o 10
0 20 40 60 80 100 120
-B—Selected strain 
-0— Parent strain
Tim e (h)
Figure 38: A comparison of glucose concentration in S. viridosporus culture supernatant 
during an aerobic stirred (SSOrpm) flask experiment containing lignocellulose in the form of 
wood-flour, comparing the parent strain against a selected strain isolated from a prolonged 
continuous culture. The error bars represent standard deviation of the means based on 
three sets of replicas for each data point. N=3. No significant difference, P= 0.5469, 
calculated using a tw o tailed T-test.
During the tim e course experiment, both parent and selected strains of S. viridosporus were  
able to liberate glucose from wood-flour (Figure 38). It had been hypothesised that the  
selected strain would be able to  liberate more glucose from wood-flour due to  the  
advantages of dispersed growth. The glucose concentration at Oh was very similar for both 
the parent and the selected strain. The presence of glucose at Oh in both flasks means that 
either the sterilisation of the wood-flour caused some degradation, releasing glucose, or 
that glucose was carried over during the inoculation from  the initial culture media. At 24 h 
there was a significant difference between the liberated glucose from  cultures containing 
the selected strain, compared w ith the parent strain. However, by end of the tim e course, 
the concentration of liberated glucose by both cultures was found to be similar (Figure 38).
Further experiments are required to determ ine w hether the glucose liberation and 
subsequent assimilation rate differ between the tw o strains.
Another factor, when considering the efficiency of glucose liberation, is the role of lignin, 
which provides a protective layer over the cellulose component of wood and is thought to
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provide protection against pathogens and oxidative stress (Perez et ol., 2002; Rio et al., 
2007). As part of this protective function, some components making up the complex 
structure of lignin exhibit anti-microbial activity (Barber et a!., 2000; Borneman et a!., 1986). 
Taking this into consideration, the more lignin that is broken down, the larger the  
concentration of these anti-microbial components. Therefore the cultures may be under 
stress conditions, reducing the resources allocated for the synthesis of cellulase enzymes, 
and consequently reducing the overall cellulase activity, which in turn reduced the amount 
of cellulose degraded.
A further factor to consider is the ability of lignin to  inhibit and adsorb cellulase enzymes. 
Phenolic components of lignin are able to inhibit the activity of all three cellulases; 
endoglucanase, exoglucanase and p-glucosidase (Ximenes et a!., 2010). These phenolic 
components include, vanillin, syringaldéhyde, trans- cinnamic acid and hydroxybenzoic acid 
(Ximenes et a!., 2010). Lignin has also been found to  adsorb cellulase enzymes, inhibiting 
them  from attaching to cellulose. This adsorption works on the principle that the cellulase 
enzymes have a high affinity to the lignin. It was first predicted that this affinity towards 
lignin was due to the hydrophobic properties of cellulose binding domains (CBD) located on 
the enzymes (Palonen et a!., 2004). However, it was later found that although CBDs play a 
part in the affinity towards lignin, cellulases lacking CBDs also presented a strong attraction  
towards lignin, which suggested the presence of lignin- binding sites on the catalytic domain 
of some cellulase enzymes (Berlin et a!., 2005a).
5.5 Maximum specific growth rate (pmax) determination using the washout 
method
To further compare the tw o strains, the maximum specific growth rate (pmax) was 
calculated using continuous culture chemostat systems containing 1% W /V  CMC and 1 gL'  ^
cellobiose as carbon sources. This was determined by calculating the difference between  
the theoretical and observed washout rates, at a particular dilution (growth) rate, that was 
predicted to be higher than the maximum growth rate. The theory behind this procedure is 
that, over tim e, the biomass concentration at a dilution (growth) rate greater than the
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cultures maximum growth rate, would start to reduce as the culture growth would not be 
able to keep pace with the flow  of new culture media entering the working vessel. Based on 
initial observations in flask culture, dilution rates (D) of 0.17 h'^ and 0.35h'^ were used for 
the parent and selected strain, respectively.
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Figure 39: The theoretical (calculated) and the observed decline in biomass concentration 
over tim e of the S. viridosporus parent strain at dilution rate 0.17h'^ carried out in a 
chemostat with parameters; Stirred at 750rpm , aerated by sparging air 0.25 v/v /m in; 37°C; 
pH7 controlled with the addition of IM  NaOH or IM  HCL. Theoretical data calculated using
the cultures doubling tim e (td) and dilution rate (D); td  =  
repeats. N = l.
0.693
D
. Error bars from 3 technical
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Figure 40: The theoretical (calculated) and the observed decline in biomass concentration 
over tim e of the S. viridosporus selected strain at dilution rate 0.35h'^. Theoretical data
calculated using the cultures doubling tim e (td) and dilution rate (D); td  =
0.693
D
. The
experiment was carried out in a chemostat using the following parameters; Stirred at 
750rpm, aerated by sparging air 0.25 v/v /m in; 37°C; pH7 controlled with the addition of IM  
NaOH or IM  HCL. Error bars from 3 technical repeats. N = l.
The biomass concentration was measured over tim e at the chosen dilution rates and 
compared with the theoretical (calculated) biomass (Figure 39 &Figure 40). In both cases, 
differences between the theoretical and observed biomass were obtained. This difference 
between the observed and theoretical, is because the theoretical decline assumes no 
growth throughout the washout. Using the data from Figure 39 Figure 40, graphs of log 
biomass concentration against tim e were constructed (FiguresFigure 41 Figure 42).
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Figure 41: W ashout of S. viridosporus parent strain as measured by the log of biomass 
concentration over tim e carried out in a chemostat using the following parameters; Stirred 
at 750rpm , aerated by sparging air 0.25 v /v /m in; 37°C; pH7 controlled with the addition of 
IM  NaOH or IM  HCL.
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Figure 42: Washout of S. viridosporus selected strain as measured by the log of biomass 
concentration over tim e. The selected strain was isolated during a prolonged continuous 
culture. The washout was carried out using a chemostat using the following parameters; 
Stirred at 750rpm , aerated by sparging air 0.25 v/v /m in; 37°C; pH7 controlled with the  
addition of IM  NaOH or IM  HCL.
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Using the log biomass concentrations the washout rates could be calculated, for both 
observed and calculated, using the following equation:
Equation 11: Equation used to  calculate washout rate (WR) using biomass concentration (X) 
and tim e (t) (Warden, 1982).
=  2.303 ^ ° 3 X - L o9 X o 
t  — to
The washout rates calculated were as follows; Parent observed -0.0395 and calculated - 
0.100 and selected observed -0.141 and calculated -0.350. Using the washout rates the  
jimax could be calculated using the following equation;
Equation 12: Equation used to calculate the maximum specific growth rate (p max) using the 
calculated washout rate (WRc) and the observed washout rate (WRo) (W ardell, 1982).
fi max = WRc — WRo 
Using Equation 12 the p max results were calculated;
Parent strain p max = 0.028  
Selected strain p max = 0.209
Comparison between the tw o strains shows clear differences between the maximum  
specific growth rates.
Although there are clear differences in pmax between the tw o strains, there are other 
factors that need to  be taken in to  consideration. One assumption made during a 
continuous culture is that the organism has reached a homogeneous state. However, when 
using filamentous organisms, the formation of biomass 'pellets' found in submerged 
cultures needs to be considered, since these, as discussed previously, can have an impact on 
the organism's performance within the pellet.
Carbon dioxide data from the gas output analyser would have been useful during the  
washout experiments, complimenting the reduction in biomass throughout the washout.
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Gas output however was not recorded during the washout experiments because the  
analyser during previous experiments could not detect the CO2 due to  the very low  
concentrations being em itted from relatively low biomass (Figure 18). The addition of CO2 
data may have detected the biphasic kinetics of a chemostat washout. The biphasic kinetics 
of a chemostat washout via an increased dilution rate should illustrate an initial, rapid 
decline in culture biomass as the culture begins to be washout, followed by a gradual rise as 
the organisms within the culture are able to  persist w ith the increased dilution rate for a 
short period of tim e before a final reduction in biomass (Pirt, 1975).
5.6 Comparison of Genome sequences
Evidence that an adapted strain had been selected in this prolonged continuous culture was 
based upon the following:
•  M ore homogenous (less pelleted), liquid culture morphology,
•  Higher concentrations of glucose in culture supernatant in wood-flour experiments
•  Differences in pmax
Using an online software package called The SEED viewer (www.theseed.org) the genome 
sequences of the tw o strains were compared and analysed. The methods used for DNA 
extraction, sequencing, assembly and annotation are described in chapter 2. Once both 
strains had been sequenced using the Illumina method the sequences were assembled using 
the computer software Spades Genome Assembler (Bankevich et ol., 2012), with post 
processing corrections carried out using Burrows W heeler Aligner (Li and Durbin, 2009) and 
annotated using the RAST server (Aziz et ol., 2008). Sequencing, assembly and annotation  
were carried out by the University of Brunei.
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Subsystem
Coverage
Subsystem Category Distribution Subsystem Feature Counts
0 ■  Cofactors, Vitamins, Prosthetic Groups, Pigments 
(306)
0 H Cell Wall and Capsule (144)
© ■  Virulence, Disease and Defense (84)
© ■  Potassium metabolism (17)
0  ■  Photosynthesis (0)
© ■  Miscellaneous (38)
© ■  Phages, Prophages, Transposable elements. 
Plasmids (4)
© ■  Membrane Transport (71)
© ■  Iron acquisition and metabolism (35)
RNA Metabolism (79)
Nucleosides and Nucleotides (119)
Protein Metabolism (295)
0  ■  Cell Division and Cell Cycle (33)
Motility and Chemotaxis (5)
Regulation and Cell signaling (50)
Secondary Metabolism (14)
DNA Metabolism (108)
Régulons (5)
Fatty Acids, Lipids, and Isoprenoids (252) 
Nitrogen Metabolism (25)
Dormancy and Sporulation (10)
Respiration (164)
Stress Response (166)
Metabolism of Aromatic Compounds (88)
Amino Acids and Derivatives (566)
0  -  Sulfur Metabolism (55)
Phosphorus Metabolism (35)
0 ■  Carbohydrates (539)
Figure 43: The classification of S. viridosporus parent strain genome into subsystems, using 
The SEED Viewer (www.theseed.org ). The genome was sequenced using the Illumina 
technique by Brunei University and annotated using SEED.
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Subsystem Category Distribution Subsystem Feature Counts
© ■  Cofactors, Vitamins, Prosthetic Groups, Pigments 
(301)
© ■  Cell Wall and Capsule (144)
Virulence, Disease and Defense (85)
Potassium metabolism (16)
Photosynthesis (0)
Miscellaneous (38)
Phages, Prophages, Transposable elements, 
Plasmids (4)
Membrane Transport (59)
Iron acquisition and metabolism (35)
RNA Metabolism (79)
Nucleosides and Nucleotides (119)
Protein Metabolism (297)
Cell Division and Cell Cycle (33)
Motility and Chemotaxis (6)
Regulation and Cell signaling (50)
Secondary Metabolism (13)
DNA Metabolism (110)
Régulons (6)
Fatty Acids, Lipids, and Isoprenoids (250) 
Nitrogen Metabolism (23)
Dormancy and Sporulation (10)
Respiration (162)
Stress Response (155)
Metabolism of Aromatic Compounds (87)
Amino Acids and Derivatives (564)
0  -  Sulfur Metabolism (85)
© ■  Phosphorus Metabolism (35)
0  ■  Carbohydrates (539)
Figure 44: The classification of the S. viridosporus selected strain genome into subsystems, 
using The SEED Viewer (www.theseed.org). The genome was sequenced using the Illumina 
technique by Brunei University and annotated using SEED.
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Comparing the genomes on a macroscale they appear to be very similar, which is w hat 
would be expected for a culture selectant. However, when analysed in more detail there are 
differences in the numbers of genes within most of the subsystems, including; those 
involved in aspects of processing and utilizing; cofactors, cell wall and capsule, virulence etc, 
potassium metabolism, membrane transport, protein metabolism, secondary metabolites, 
DNA metabolism, régulons, fatty acids, nitrogen metabolism, respiration, metabolism of 
aromatic compounds, amino acids and derivatives, sulphur metabolism and carbohydrates.
The biggest difference between the tw o strains was identified in sulphur metabolism, more 
specifically in organic Sulphur Assimilation, where the parent strain contained 9 
alkanesulfonate assimilation genes, whereas the selected strain, contained 34, suggesting 
gene amplification in the selectant. These genes are required for the use of alkanesulfonate 
as a sulphur source under sulphate and cysteine limited conditions (Van der Ploeg et al., 
1996).
One of the features of T h e  SEED viewer' software is the ability to  compare tw o genomes on 
a functional basis. Although there are differences in the numbers of genes within each 
subsystem, as discussed above, in most cases there is more than one gene carrying out the  
same function.
Table 4: List of functions present in S. viridosporus parent strain, but absent in the selected 
strain, as illustrated on The SEED Viewer (www.theseed.org).
Subcategory Role Gene
One- carbon 
Metabolism
F420- dependent N{5), N(10)- 
methylenetetrahydromethanopterin reductase (EC 
1.5.99.11)
Figl6666666.72893.peg.6736
Fatty acids Biotin carboxyl carrier protein of acetyl-CoA 
carboxylase
Figl6666666.72893.peg.6378
Fatty acids Biotin carboxylase of acetyl- CoA carboxylase (EC 
6.3.4.14)
Figl6666666.72893.peg.6378
ABC
transporters
Alpha- glucoside transport ATP- binding protein 
AgIK
Figl6666666.72893.peg.1467
No subcategory Colicin 1 receptor precursor Figl6666666.72893.peg.4031
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No subcategory Glutathione- regulated potassium- efflux system 
protein KefC
Figl6666666.72893.peg.4031
Protein
biosynthesis
LSU ribosomal protein L17p Figl6666666.72893.peg.4170
No subcategory Lanthionine biosynthesis protein LanM Figl6666666.72893.peg.6587
Comparing the tw o genomes on a functional basis, eight functions present in the parent 
strain of S, viridosporus are not detected in the selected strain (Table 4). Experimental 
results show a difference in morphology between the tw o strains (Figure 37), suggesting 
that there may have been functional differences in the subsystem cell wall and capsule. The 
eight functional variations, however, are within subsystems; those involved with 
Carbohydrates, fatty  acids etc, membrane transport, potassium metabolism, protein 
metabolism and secondary metabolism. A generated hypothesis is that these functions, 
missing in the selected strain, may not be required for growth under these conditions or 
alternatively have a detrim ental effect on growth in this environment. These functions may 
also play a part in the 'pelleted' morphology of the original S. viridosporus strain.
Genes present in the parent strain, but not in the selected strain, do not appear to have a 
direct role in cellulose degradation (Table 4). They are concerned with one-carbon 
metabolism in methane production, fatty  acid production via acetyl CoA carboxylase (two  
genes), m embrane transport for a - glucosides, potassium homeostasis and Lanthionine 
production (Paul and Donk, 2005).
Table 5: List of functions containing an active variant in S. viridosporus selected strain but 
absent in the parent strain, as illustrated on The SEED Viewer (www.theseed.org).
Subcategory Role Gene
Folate and pterines Molybdenum cofactor biosynthesis 
protein MoaB
Figl6666666.72892.peg.1737
Protein processing and 
modification
B12 binding domain of Methylmalonyl- 
CoA mutase (EC 5.4.99.2)
Figl6666666.72892.peg.4682
Two genes were identified in the selected strain, but not within the parent genome (Table 
5). These consisted of genes coding for molybdenum cofactor biosynthesis. Molybdenum
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cofactors are im portant in some metabolic cycles, including carbon, nitrogen and sulphur 
cycles, and catalyse redox reactions within these metabolic cycles (Schwarz, 2005).
Methylmalonyl Coenzyme A (CoA) mutase, catalyses the isomérisation reaction of 
methylmalonyl-CoA to succinyl-CoA, with succinyl-CoA playing an im portant role in the  
Tricarboxylic acid cycle (TCA) (Champe et ol., 2005). Methylmalonyl-CoA mutase requires 
B12 to function (Champe et al., 2005).
The functions contained within the selected strain but not in the parent strain, are both 
involved in metabolic cycles. This may suggest why this selected strain can thrive at the  
higher growth rates. The absence of the eight genes and functions within the selected strain 
when compared with the parent seems a logical pattern during strain degeneration. 
However, the functional activity of the tw o genes in the selected strain, but not the parent is 
not reflected in the morphology of S. viridosporus. One hypothesis for the presence of these 
tw o genes is that the original culture of S. viridosporus contained heterokayrons, as 
described previously, suggesting that the parent DNA sample lacked sufficient amounts of 
the 'acquired' genes to  be detected in the analysis, which may have been affected by the  
more pelleted morphology of the culture.
Although differences between the tw o sequences were highlighted during these 
comparisons it is im portant to note that both of the tw o sequences were obtained from  a 
single sequencing iteration and therefore gaps, may have existed within the sequences. 
These gaps could, conceivably have been the cause of the differences in genomes, with  
some of the sequence missing causing the absence in genome detection. A completed  
genome sequence of S. viridosporus T7A (ATCC 39115) was closed using a variety of 
techniques including primer walking and PCR with additional 442 reactions needed to  
complete the genome sequence (Davis et al., 2013).
5.7 Scanning the S.viridosporus genome
Experiments so far have highlighted several genes and proteins which, if present, may help 
to  explain some of the experimental results. Using the online database UniProt
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(h ttp ://w w w .un ipro t.o rg / ), BLAST searches were carried out on the tw o genomes for the  
presence of these genes and subsequent proteins.
Electron micrograph images presented in the previous chapter (Use of chemostat pre­
culture for wood-flourdegradation), were consistent with S. viridosporus attaching itself to 
the wood-flour using carbohydrate- (CbpC) and cellulose- binding proteins (AbpS) (Chater et 
a!., 2010; W alter et a!., 1998). Using the online data base UniProt and the BLAST search 
provided by Seed, genes coding for CbpC and AbpS, from S. reticuli were detected in the  
genome sequences of both the selected and parent strain of S.viridosporus.
As discussed previously, during the prolonged continuous culture, the selected strain 
produced a more homogenous culture than the original 'parent' strain (Figure 37). One 
explanation for this difference, at a genetic level, was the presence and over expression of 
the SsgA and SLAPs (Van W ezel et a!., 2006). The SSgA sequence from  Streptomyces albus 
was detected in both genomes as well as SsfR, a SLAPs, from Streptomyces griseus.
During the early stages of growth, using Avicel (crystalline cellulose) as the sole carbon 
source, S.ret/ctv// cultures have been shown not to produce specific cellulase enzymes, but 
instead a dimeric catalase/ peroxidase enzyme (Zou and Schrempf, 2000). The role of this 
broad substrate, mycelium- associated enzyme is thought to  include the generation of 
reactive oxygen species that attack the crystalline cellulose before the specific cellulase 
enzymes are initiated (Zou and Schrempf, 2000). The gene for this enzyme ,CpeB, has been 
detected within the S. viridosporus genome, suggesting that this organism may also use this 
catalase/ peroxidase enzyme to mount the initial attack on crystalline cellulose, or may have 
role during lignin degradation (Magnuson and Crawford, 1992).
Screening the genomes for specific cellulase enzymes has also detected genes coding for all 
three cellulases; exoglucanase, endoglucanase and (3- glucosidase enzymes.
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5.8 Chapter Summary
In the past prolonged continuous cultures have been used in strain development, selecting 
strains better adapted to the environmental and nutritional pressures applied (Roth et al., 
1986). This type of strain degeneration, for example, was applied to S. hygroscoplcus to 
select a strain w ith enhanced capabilities of producing the macrolide antibiotic; turimycin 
(Roth and Noack, 1982). The aim of the S. viridosporus prolonged continuous culture was to  
isolate a strain that produced a more homogenous culture. A homogenous culture was a 
desirable characteristic due to the problems in reproducibility and reliability of results using 
a pelleted culture (Hobbs e t al., 1989; Cox et al., 1998). It was also hypothesised a more 
homogenous culture would be better suited to lignocellulose degradation, with more 
surface area attaching to the lignocellulose substrate.
During the prolonged continuous culture a difference in morphology started to be seen at 
dilution rate 0 .0 9 h -l (Figure 34), suggesting the selection or strain degeneration of 
S.viridosporus to  a more homogenous culture. Colony morphology on solid media also 
changed, with isolates from the more homogenous culture producing colonies that did not 
produce green pigment associated with spore form ation. The potential inability to produce 
spores led to  the hypothesis that the selected strain may have been a bid m utant, unable to  
produce aerial mycelium (Chater, 1998). Investigations using bid mutants of S. coilecolor 
have reported associations between bid mutations and a loss in catabolite repression (Pope 
et al., 1996). If these associations are true the selected strain may have the desirable 
characteristic of over producing cellulase enzymes thought to  be controlled partly by 
glucose repression.
Once selected, experiments were used to test the stability of the new 'selected' strain and 
its ability of forming a more homogenous culture in the absence of the selection pressure, 
growth rate (Hobbs et al., 1989). Using flask experiments, inoculated with frozen stock of 
either parent or selected strain pellet sizes of each were measured over tim e to  evaluate 
the stability of the selected strain (Figure 36). Light micrographs of slides strained with  
m ethylene blue were also used in conjunction with pellet size measurements to  m onitor the
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strain stability (Figure 37). The presumed stability of the homogenous culture suggested the  
change in morphology was at a genetic level (Roth and Noack, 1982).
A fter the investigations into the stability of the selected S. viridosporus strain, flask 
experiments were used to investigate any advantages in lignocellulose degradation due to  
the more homogenous morphology. The investigation consisted of flask experiments 
containing wood-flour and measuring glucose concentration in the culture supernatant as 
an indicator of glucose liberation from  the lignocellulose substrate (Figure 38). It was 
hypothesised that the selected strain would be more adapted to lignocellulose degradation 
with more hyphal surface area in contact with the lignocellulose substrate. Although a 
difference in glucose concentration in culture supernatant was recorded the difference was 
not statistically significant.
The stability of the selected strain during flask experiments led to  the hypothesis that the  
change in morphology may have been at a genetic level (Roth and Noack, 1982). To 
investigate further the genomes for both parent and selected strains of S. viridosporus were  
sequenced by Brunei University. Genome analysis found that there were differences 
between the genes present in both strains, and the presence of tw o genes in the selected 
strain compared with the parent strain suggests that the original culture may have 
contained heterokaryons (Braendle and Szybalski, 1957), with the hypothesis that the tw o  
genes present only in the selectant, may not have been detected in the parent strain, due to  
the pelleted morphology of the culture. It was hypothesised that the absence of eight genes 
in the selected strain compared with the parent stain may also have been a factor for the 
higher maximum specific growth rate of the selected strain. W hen comparing the tw o  
genomes, however, it was im portant to rem em ber that the genomes were not closed, when 
assembled (Dale and von Schantz, 2007). Due to  the gaps within the sequences some 
genomes may not have been detected. A more accurate comparison would have been 
achieved if the gaps within the genomes had been closed. The complete genome sequence 
for S. viridosporus strain T7A (ATCC 39115) closed gaps within the genome sequence using a 
number of techniques such as primer walking and PCR, producing an additional 442  
reactions needed to completely close the genome (Davis et a!., 2013). If more tim e had 
been available it would have been useful to carry out similar methods on the 'parent' and 
'selected'S. viridosporus strain to  complete the genome sequences.
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The identification of both carbohydrate- and cellulose- binding proteins within the S. 
viridosporus genome may suggest a mechanism whereby the mycelium attaches to and 
colonies the wood-flour. The detection of genes coding for cellulase enzymes and the broad 
spectrum catalase/ peroxidase enzyme described in S. reticuli cultures (Zou and Schrempf, 
2 0 0 0 ), increases our understanding of how this organism degrades lignocellulose.
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Chapter 6: Defined culture media development to induce cellulase 
enzyme activity and glucose liberation, using in vitro and in silico 
techniques
6.1 Chapter overview
S. viridosporus has demonstrated its ability to degrade lignin and liberate glucose from  
cellulose substrates, proving its potential as a lignocellulose degrader for bioethanol 
production. Experiments using wood-flour, a natural lignocellulose substrate identified the  
organisms' ability to  liberate glucose and other ferm entable sugars from cellulose fibrils at a 
faster rate than subsequent utilisation by the culture, leaving excess sugars that could be 
used as substrate for bioethanol production.
Using continuous cultures in a chemostat system, experiments highlighted a correlation 
between pre- culture growth rate and the subsequent liberation of glucose from  wood- 
flour. It was also used as a means to  limit the 'pelleting' of S. viridosporus producing a more 
desirable homogenous culture.
Prolonged continuous cultures described in the previous chapter w ere used to  select an S. 
viridosporus strain that produces a more homogenous culture that was thought to  be more 
efficient at lignocellulose degradation due to  reduced nutrient and oxygen limitations 
detected within culture pellets. The aim of selecting a strain that produced a more 
homogenous culture was achieved. However, experiments using wood-flour did not detect a 
significant difference in the liberation of glucose.
The experiments described in this chapter were carried out to investigate the use of 
nutrient limitations and the addition of components such as amino acids and lignocellulose 
degradation products to culture media, in an attem pt to induce cellulase enzyme activity 
and glucose liberation from cellulose. In silico analysis using a genome scale metabolic 
network (GSMN) model was carried out using flux balance analysis and flux variability 
analysis.
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6.2 Carbon-, nitrogen- and phosphate- limited cultures
It was hypothesised that limiting the carbon, phosphate or nitrogen in the culture media 
may induce cellulase activity and glucose liberation. Currently there is not a precedent or a 
priori reason to support this hypothesis. The alteration of the environment of a bacterial 
culture can affect both primary and secondary metabolism, for example the exhaustion of a 
nutrient or a decrease in growth rate (Demain, 1998). In order to test this hypothesis, a 
stirred flask experiment was established using carboxymethylcellulose (CMC) as the sole 
carbon source.
In all previous experiments, when CMC had been used as a carbon source, it was used at a 
concentration of 1% v /w . For this experiment the carbon- limited cultures contained the  
previously used CMC concentration of 1% w /v  and the phosphate- and nitrogen- limited 
cultures contained 3% w /v  CMC. This concentration was used since previous biomass results 
were limited to a maximum of 2.36 gL'  ^ in batch culture using CMC 1% w /v  as the sole 
carbon source (Figure 10). Enzyme activities also appeared to be very low when compared 
with enzyme activity in wood-flour cultures. A possible explanation for these relatively low  
biomass concentrations and enzyme activity is that the culture may be carbon- limited. 
Therefore, the effect of increasing the CMC concentration to 3% w /v  was examined in order 
to  determ ine w hether this was in fact the case. Despite being a soluble compound, at high 
concentrations it is very viscous due to its long polysaccharide chains. A concern highlighted 
was the potential increase in viscosity may have affected bacterial growth, also affecting the  
aeration of the culture and stirring speed.
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Figure 45: Biomass concentration of S. viridosporus (Selected strain) cultures during an 
aerobic stirred (350rpm ) flask experim ent (30ml) at 37°C carried out to compare growth in 
carbon-, nitrogen- and phosphate- limited cultures, using CMC as the sole carbon source. 
The error bars represent standard deviation of the means based on three sets of replicas for 
each data point. Using a one- way ANOVA followed by a Turkey multiple comparison a P 
valve of 0.004 was calculated and with a significant difference between carbon- and 
phosphate- limited cultures and carbon- and nitrogen- limited cultures and no significant 
difference between phosphate- and nitrogen- limited cultures. N=3.
Nitrogen- and phosphate- limited cultures resulted in increased biomass production 
comparatively with carbon- limited cultures (Figure 45). Previous experiments using CMC as 
the primary carbon source used CMC at 1% w /v , with the addition of cellobiose at 1 gL' .^ In 
this experiment the carbon- limited cultures contained 1% w /v  CMC as the sole carbon 
source, whereas the nitrogen- and phosphate- limited cultures contained 3% w /v  CMC. This 
may be one explanation for the significant difference in biomass concentrations when  
comparing all three nutrient- limited cultures. Due to a Oh sample not being taken, it is hard 
to determ ine at what point the culture entered exponential phase. Nitrogen- limited  
cultures looked to be in active growth from 24h to 72h, whereas phosphate- and carbon- 
limited cultures appear to be more stable state during the entire tim e course. Carbon- 
limited cultures entered cell death between 72h and 92h.
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The viscosity of the cultures containing 3% w /v  CMC appeared to  be very high at Oh but 
viscosity had notably reduced by 24-48 h. A control of un-inoculated cultures were used to  
determ ine w hether the reduction in viscosity was due to the incubation tem perature (37°C) 
or the stirring agitation (350rpm ). The viscosity of the control cultures appeared to  be 
maintained throughout the tim e course, suggesting that the long chains of CMC were being 
broken down (and possibly utilised) by S.viridosporus. The nitrogen- limited cultures 
produced the highest concentrations of biomass over tim e, suggesting that the nitrogen 
starvation triggered cellulase production and excretion.
Experiments using the fungus Phonerochaete chrysosporium found that adding nitrogen in 
the form of N H /  to  nitrogen depleted cultures caused reduced lignolytic activity (Keyser et 
ol., 1978). These results suggest that the synthesis of some of the proteins making up the  
ligninolytic enzyme are initiated by nitrogen starvation (Keyser et a!., 1978). This however 
would conflict with findings that claim the reduction of available nitrogen in w heat straw  
soil lowers the number of colony forming units of cellulose- degrading bacteria. The activity 
of exocellulase, endocellulase and hemicellulose is also reduced (Henriksen and Breland, 
1999). The relationship between nitrogen, cellulose degradation and glucose liberation may 
be more complex than enzyme induction. The synthesis of secondary metabolites for 
instance can be affected by the nitrogen sources available (Merrick and Edwards, 1995). An 
example of this is the production of aminoglycoside antibiotics which is negatively affected 
when ammonium is used as the nitrogen source (Sanchez and Demain, 2002). Although 
cellulases are thought to be primary metabolites the source of nitrogen may have an effect.
A second hypothesis to account for the biomass results may be the ability of S. viridosporus 
to survive in nutrient depleted environments. Could the culture be more adapted for growth  
in nitrogen- and phosphate- limited cultures compared with a carbon- limitation? Its ability 
to  grow in soil, which tends to  contain low concentrations of nitrogen and phosphate, would 
suggest this may be true (Hodgson, 2000). E. coli, for example, stores nitrogen from  a range 
of sources in the form of tw o amino acids, glutamate and glutamine. These amino acids act 
as major reservoirs and donors for intracellular nitrogen (Reitzer and Schneider, 2001). 
W hen nitrogen is limited, the GS/GOGAT system is initiated (Magasanik, 1982). Glutamine 
synthetase (GS) converts ammonium and glutamate to glutamine, while Glutam ate  
synthesis (GOGAT) assimilates glutamine and 2-oxyglutarate to  generate glutam ate
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(Magasanik, 1982). Two genes coding for GS's were found in S. coelicolor, gInA and ginll 
(Weisschuh et al., 2000), with a similar GS/GOGAT system controlling intracellular nitrogen 
donors (Figure 46). Performing a BLAST search, genes for both gInA and ginll were detected  
in the S. viridosporus genome sequence, suggesting that S. viridosporus also has the  
potential to use this system.
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Figure 46: D-glutamine and D-glutamate metabolism pathway- S .coelicolor taken from  
KEGG.http://www.kegg.ip/keggbin/highlight pathwav?scale=1.0&map=sco00471&keyword  
=glutamine. The pathway is used by S. coelicolor to store nitrogen and may explain the  
pattern of growth in S. viridosporus in nitrogen- limited cultures.
A similar hypothesis can be proposed for phosphate, which can be stored intracellularly in 
the form of polyphosphate and utilised during times of phosphate limitation (Camci et al., 
2012). Polyphosphate consists of linear polymer chains of orthophosphate residues that are 
synthesised by polyphosphate kinase (Camci et al., 2012). This ability to store phosphate 
enables the organism to continue to grow during phosphate limited conditions (Figure 45) 
(Camci et al., 2012). Using a BLAST search of the S. viridosporus genome sequence, a gene 
coding for polyphosphate kinase was detected. Another hypothesis is that phosphate and 
carbon are im portant for cellulose degradation and cellulase activity. Therefore the lack of
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induction of either one of these would reduce the efficiency of cellulose utilisation by 
S.viridosporus.
Carbon can also be stored inside the bacterial cell in the form  of glycerol, 
polyhydroxybutarate, trehalose and triglycerides (Karandiker et a!., 1997; Olukoshi and 
Packter, 1994). To enable a comparison of the cultures, the ratio of biomass produced to  
CMC present needed to be calculated to  ensure a fair comparison could be made (Equation 
13). The results showed that carbon- and phosphate- limited cultures produced a very 
similar ratio; Carbon- limited, 0 .44 and Phosphate- limited, 0.42, while nitrogen- limited 
cultures proved to be the best with, 0.54. Experiments testing carbon, phosphate and 
nitrogen limitation on Streptomyces coelicolor (S. coelicolor) growth, using glucose as the  
carbon source, found that carbon limited cultures preformed the worst in terms of biomass 
concentration (Lewis et al., 2011). However, this is contrary to the results obtained in this 
experiment, where phosphate- limited cultures performed the most poorly.
Although nitrogen- limited cultures appear to  produce the most biomass, the aim of this 
experiment was to  increase enzyme activity and glucose liberation. The ideal culture would  
have increased enzyme activity and liberate glucose from CMC at a faster rate than 
utilisation.
Maxium average biomass produced {g. L) 
X —----- CMC in culture media (g. L)
Equation 13: Ratio of maximum biomass produced compared with CMC concentration in 
culture media.
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Figure 47: Combined enzyme activity of endoglucanase and p- glucosidase in S. viridosporus 
(Selected strain) culture supernatant, during an aerobic stirred (SSOrpm) flask experim ent 
(30ml) at 37°C carried out to compare growth in carbon-, nitrogen- and phosphate- limited 
cultures, using CMC as the sole carbon source. The error bars represent standard deviation 
of the means based on three sets of replicas for each data point. There was no significant 
difference between the three limitations, P=0.0665, calculated using a one-way ANOVA. 
N=3.
Endoglucanase and p-glucosidase activity were monitored in the culture supernatant 
throughout the experiment. There was no enzyme activity detected during the entire  
experiment in carbon- limited cultures (Figure 47). This lack of enzyme activity may explain 
why the biomass concentrations in the carbon- limited cultures stayed relatively constant 
with minimal fluctuation between 24 to 72 h (Figure 45). This suggests that carbon- 
limitations have a very negative effect, not only on bacterial growth but also cellulase 
activity.
Comparing the biomass concentration results (Figure 45) and combined enzyme activity 
(Figure 47) there appears to be no obvious relationship between enzyme activity and cell 
growth in phosphate- and nitrogen- limited cultures. It was expected that enzyme activity 
and biomass would follow a similar pattern, with biomass concentration increasing as 
enzyme activity increased as a result of the increase in available simple sugars that can be 
readily utilised by the organism. The ideal result would be for enzyme activity to  increase
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over tim e at a faster rate than biomass, meaning more glucose was being liberated from the  
complex CMC chains compared with the rate of utilisation.
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Figure 48: Glucose concentration of S. viridosporus (Selected strain) culture supernatant 
during an aerobic stirred (350rpm ) flask experiment (30ml) at 37°C carried out to  compare 
growth in carbon-, nitrogen- and phosphate- limited cultures, using CMC as the sole carbon 
source. The error bars represent standard deviation of the means based on three sets of 
replicas for each data point. Using a one-way ANOVA a P value of 0.6202 was calculated, 
stating no significant difference between the three limitations tested. N=3.
Nitrogen- and phosphate- limited cultures both show an increase in enzyme activity 
between 0 and 24 h, this coincides with the observation of reduced viscosity at 24h. Due to  
a biomass sample not being recorded at Oh it is not known if the biomass also increased 
between these tw o tim e points. The glucose concentration in the supernatant also 
increased during these tim e points. It was observed that between 24h and 48h the tw o  
different types of limited cultures behaved differently. Phosphate- limited cultures displayed 
an increase in enzyme activity (Figure 47), yet biomass concentration stayed relatively 
constant (Figure 45). These findings may suggest that there is free glucose in the  
supernatant; however this does not appear to be the case. One possible explanation for this 
is that although the combined enzyme activity increases, it may be more the result of 
Endoglucanase activity than p-glucosidase. Endoglucanase breaks down cellulose in a
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random pattern cleaving a variety of chained carbon lengths, which require further cleaving 
to  liberate glucose (Irwin et al., 1993). This may explain why the glucose concentration does 
not increase between 24 and 48 h (Figure 48).
Phosphate- limited cultures biomass concentrations increase slightly between 48h and 96h 
but enzyme activity and glucose were not detected. It could be inferred from  these results 
that the ratio of glucose liberation and utilisation is equal; however if this was the case it 
would be assumed enzyme activity would be detected. One explanation is that the CMC is 
still being degraded by the cellulase enzyme complex, but the depletion of phosphate has 
altered the organism's primary metabolism. This has subsequently initiated secondary 
metabolite production, diverting the carbon within the liberated glucose from  cell growth. 
This may explain why the enzyme activity remains high until 72h, with a lack of glucose 
detected in the supernatant and the measure of biomass remaining relatively constant. This 
reorganisation of primary metabolism and secondary metabolites has been seen before 
during other experiments using Streptomyces species where phosphate was limited 
(Novotna et ol., 2003).
The cellulase enzyme activity in the nitrogen- limited cultures fluctuates dramatically from  
tim e point to  tim e point, measuring relatively high activity at 24h then reducing dramatically 
at 48h, before increasing again at 72h (Figure 47). This fluctuating pattern is also seen in the  
nitrogen- limited glucose results (Figure 48). It could be suggested from  this pattern of 
results that combined enzyme activity increases, increasing the amount of glucose liberated. 
The culture is unable to utilise the glucose at the same rate in which the glucose is being 
liberated, therefore glucose can be detected in the supernatant. It is significant th a t the  
enzyme activity drops, reducing the am ount of glucose being liberated, giving the culture a 
chance to utilise the free glucose in the supernatant. Once the free glucose in the  
supernatant has been utilised the cellulase enzyme activity increases again, consequently 
increasing the amount of glucose in the supernatant. The most apparent hypothesis for this 
is pattern is carbon catabolite repression. Published studies have shown that increasing 
glucose concentration in the environment can have a significant effect on cellulose 
hydrolysis due to its repressive activity (Xiao et ol., 2004; Chellapandi and Jani, 2008), using
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a variety of organisms, including some Streptomyces species (Chellapandi and Jani, 2008; 
Marchand and Singh, 1997). Catabolite repression of intracellular, extracellular enzymes and 
carbohydrate transport systems in Streptomyces species is not only due to glucose but other 
carbohydrates and in some cases nitrogen- repression (Chatterjee and Vining, 1982). One 
example for this is cellulases produced by Streptomyces reticuli, which can be repressed by 
cellobiose and fructose (W alter and Schrempf, 1995). An example of nitrogen repression 
was seen in Streptomyces venezuelae when certain amino acids were found to  repress (3- 
glucosidase activity (Chatterjee and Vining, 1982).
Studies analysing the response of S. coelicolor to  carbon-, phosphate- and nitrogen- 
limitation, using glucose as the carbon source, found contrary to these results that 
phosphate- limited cultures produced the most biomass concentration over tim e compared 
with the carbon- and nitrogen- limited cultures. The study however did find that there was a 
higher level of differentially expressed genes when exposed to nitrogen- limitation, 
compared with carbon- and phosphate- limited cultures. These genes including some 
involved with the metabolism of varied carbon sources (Lewis et al., 2011).
6.3 Addition of amino acids to induce cellulase activity and glucose liberation rate
Previous results suggested that nitrogen- limited S. viridosporus cultures had the potential 
for increased enzyme activity with a glucose liberation rate from  CMC, faster than glucose 
utilisation by the culture. Comparatively to carbon- and phosphate- limited cultures. One 
hypothesis for this is that the culture could store nitrogen and could therefore cope w ith the  
lim itation. Alternatively the nitrogen- depleted conditions may have induced cellulase 
enzyme activity. Research also suggests that the source of nitrogen can also affect primary 
metabolism and secondary m etabolite production (M errick and Edwards, 1995; Sanchez and 
Demain, 2002). Taking this into consideration, using a Plackett-Burman design (PB), eleven 
amino acids were tested to determ ine whether their presence would increase enzyme 
activity and glucose liberation rate in nitrogen- limited S. viridosporus cultures. The eleven 
amino acids were; L-histidine (HIS), L- serine (SER), L-phenylalanine (PME), L-alanine (ALA), L-
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aspartic acid (ASP), L-isoleucine (ILEU), L-glutamic acid (GLU), L-asparagine (ASN), L-leucine 
(LEU), L-valine (VAL) and L-arginine (ARG). As all enzymes are composed of amino acids, it 
was hypothesised that cellulase enzyme biosynthesis was dependent on availability of its 
component amino acids and that modulating the amino acid supply could have an effect on 
enzyme biosynthesis and consequent activity. This knowledge would have potential to 
further adapt the culture media, increasing enzyme activity and ultimately glucose 
liberation.
Using conditions set out in the methods section, an experiment was set up using a Plackett- 
Burman design (PB) to test the affect of amino acids on glucose liberation and concentration 
and endoglucanase activity in S. viridosporus culture supernatant at 72 h.
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Figure 49: T-value of variance of effect of a range of amino acids on S. viridosporus 
endoglucanase activity at 72 hours during a Plackett- Burman design experiment, calculated 
with 3 variable dummies. The experiment was carried out in aerobic, stirred (BSOrpm) flask 
(30ml) experiment at 37°C using CMC as the sole carbon source. N=3.
Phenylalanine and aspartic acid were the only tw o amino acids tested which appeared to 
have a positive effect on endoglucanase activity (Figure 49). The other 9 amino acids were  
all recorded to have negative effects on cellulase enzyme activity. There are tw o hypotheses 
for these negative effects; the first hypothesis is that the amino acids are causing repression
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of carbohydrate catabolism. Comparatively with glucose, amino acids can also repress the  
synthesis and activity of enzymes, an example of this is the repression of maltase, 
synthesised by Streptomyces venezuelae (A6 ) by acetate and citrate (Chatterjee and Vining, 
1981). It also found that (3-1,4-glucosidase from the same organism is also repressed by the  
acetate and other amino acids (Chatterjee and Vining, 1982). The addition o f acetate also 
reversed all inducing effects cellobiose had on the enzyme (Chatterjee and Vining, 1982).
A second hypothesis is that the addition of amino acids to cultures affects the nitrogen- 
limited conditions. In past experiments it was found that nitrogen- limited cultures liberated 
the most glucose, w ithout full utilisation and contained more enzyme activity when 
compared with phosphate- and carbon- limited cultures. Although amino acids are not the  
preferred nitrogen source of Streptomyces they can be exploited as nitrogen sources (Figure 
50) (Hodgson, 2000). As a general rule, nitrogen sources utilised by the organism first are 
the easiest to breakdown, using minimal energy, for example ammonium, before moving on 
to those that are more energy demanding nitrogen sources (Hodgson, 2000). Amino acids 
are not exclusively sources of nitrogen, but are also sources of carbon skeletons (Hodgson, 
2000). This use of amino acids as nitrogen sources would delay the effect of nitrogen 
depletion in the culture, which in turn would affect enzyme activity.
W ork carried out using Streptomyces lavendulae found that it readily deaminates some 
amino acids, but not others (W oodruff and Foster, 1943). Asparagine and histidine were  
readily deaminated while phenylalanine was affected 'rarely, if ever' (W oodruff and Foster, 
1943). The negative results for enzyme activity in the presence of asparagine and histidine, 
indicate that a similar pattern of amino acid deamination may also occur in 5. viridosporus 
cultures. This would also explain the lack of negative affect by phenylalanine, but not 
necessarily explain its positive affect. S. viridosporus does contain the ability to  deam inate 
phenylalanine (Pometto and Crawford, 1985), but due to the PB design, which tested the 
amino acids in combination, it may be that the deamination o f other amino acids is 
preferred over phenylalanine by S.viridosporus.
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Figure 50: interconversion of nitrogenous molecules in the central nitrogen metabolism of 
Streptomyces. Modified from (Voelker & Altaba, 2001). This Interconversion of nitrogenous 
molecules may be used by S. viridosporus to use exploit a range of sources for nitrogen.
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Figure 51: Biosynthesis of amino acids by Streptomyces coelicolor, taken from KEGG. 
http://www.kegg.ip/keggbin/highlight pathwav?scale=1.0&map=sco01230&kevword=amin  
o%20acids. One explanation for the positive effect of phenylalanine and aspartic acid on 
S.viridosporus cellulase activity during a flask experiment may be due to the metabolic 
energy saved by their presence.
One hypothesis for phenylalanine and aspartic acids positive results might be that they are 
due to the metabolic energy saved by not having to synthesis them  (Figure 51). Amino acid 
synthesis can be a large metabolic burden on a bacterial cell, using up to as many as 74 high 
energy phosphate bonds per amino acid (Akashi and Gojobori, 2002). Therefore, it has been 
considered, that the addition of a range of amino acids to the culture media means they can 
be utilised directly, avoiding metabolic costs of anabolism (Burkovski and Kramer, 2002). 
This addition of amino acids also means a great intercellular pool of particular amino acids 
for the production of enzymes, such as endoglucanase and other cellulases. W hen looking 
at the amino acid composition of an endoglucanase produced by an S.viridosporus strain 
(Table 6 ), the prediction would be that the addition of serine and alanine would have a 
positive effect on activity, as they are the tw o most dominant amino acids present in the  
enzyme that were analysed .
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Table 6 : Amino acid composition of endo-1,4-beta glucanase synthesised by S.viridosporus. 
The amino acids in bold were tested for their variance of effect on S.viridosporus cellulase 
activity during a Plackett- Burman designed experiment.
Amino acid Amount
Glycine 43
Serine 37
Alanine 36
Threonine 36
Proline 32
Arginine 28
Valine 27
Asparagine 21
Glutamine 16
Leucine 16
Aspartic acid 15
Isoleucine 13
Tryptophan 13
Phenylalanine 12
Tyrosine 11
Cysteine 8
Glutamic acid 6
Histidine 5
Lysine 4
Methionine 4
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Figure 52: 7-value of variance of effect of a range of amino acids during a Plackett- Burman 
designed experiment on culture supernatant glucose concentration in S. viridosporus 
cultures at 72 hours, calculated with 3 variable dummies. The experiment was carried out in 
aerobic stirred (BSOrpm) flasks (30ml) at 37°C. N=3.
Glucose concentration results show a similar pattern to endoglucanase activity; with  
phenylalanine and aspartic acid producing positive results but histidine having the most 
negative result (Figure 52). A difference in results for valine and serine was observed. Both 
showed negative results for endoglucanase activity, but produced positive results for 
glucose concentration. It could be suggested that these tw o amino acids may have had an 
inducing effect on the two other enzymes present in the cellulase complex; Exoglucanase 
and p-glucosidase. There is no evidence to support this hypothesis because activity of only 
one enzyme was tested. In addition the negative endoglucanase activity concentrations and 
the negative glucose concentrations may be due to amino acid repression on cellulase 
enzyme activity, reducing the amount of CMC degraded, and therefore glucose liberated.
Phenylalanine and aspartic acid both showed positive effects on endoglucanase activity and 
glucose concentration. The reason for these effects is not yet known and may be attributed  
to more than simply inducing cellulase activity. An example of this was found using the 
fungus Hyopcrea jecorina and the addition of methionine to cultures (Gremel et a!., 2008). 
The methionine acts as a ligand to a G-protein receptor (Gremel et a!., 2008). This in turn 
alters cAMP levels, which lead to an increase in cellulase expression (Gremel et a!., 2008).
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Figure 53: 7-values of variance of effect of a range of amino acids on endoglucanase activity 
in S. viridosporus cultures plotted against t-values of variance of the same amino acids on 
culture supernatant glucose concentration in S. viridosporus cultures at 72 hours during a 
Plackett- Burman design experiment, calculated with 3 variable dummies. The experiment 
was carried out in aerobic stirred (350rpm ) flasks (30ml) incubated at 37°C. R = 0.9228 , 
calculated using Pearson correlation coefficient. N=3.
Plotting endoglucanase activity against glucose for each amino acid tested highlighted a 
strong correlation between the tw o factors (Figure 53). This correlation suggests that 
endoglucanase activity may be a good indicator for glucose concentration/ liberation when 
CMC is used as the carbon source.
6.3.1 Flux balance analysis of the addition of selected amino acids
FBA is an analytical method based on metabolic flux balancing in a metabolic steady- state, 
using the concept that formation fluxes are balanced by the degradation fluxes (Schilling et 
o!., 1999). This balance of fluxes means that fluxes going into and out of the model are equal 
to zero (Schilling at a!., 1999). Using flux equations, linear programming can be used to
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determ ine the optimal flux distribution within the model to maximise or minimize the user 
determined objective function, for example biomass (Schilling et al., 1999).
Flux balance analysis was carried using the GSMN to analyse the affects of amino acids on 
metabolism and glucose output. Phenylalanine, aspartic acid, valine and serine were added 
to the GSMN model individually and together. These four amino acids were selected due to  
the glucose concentration results from  the PB experiment, which could be interpreted to  
suggest that they had a positive effect on glucose liberation (Figure 52).
Equation 14: The stoichiometric model for FBA using a GSMN (Beste et a!., 2007).
b = S x v
b= the vector of concentration changes of metabolites [m ). 
v= the vector of metabolic fluxes carried out by reactions {n) 
S = m x n  matrix of the stoichiometric
FBA carried out during this study used glucose output as the objective function, set towards 
the maximum theoretical yield within the constraint- based model. The model used 
cellobiose as the sole external carbon source.
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Figure 54: FBA results using the S. viridosporus GSMN to test the addition of aspartic acid, 
valine, phenylalanine and serine when the maximum theoretical yield of glucose output is 
set as the objective function.
Using FBA, the four amino acids, together and individually, increased the maximum  
theoretical glucose output; with aspartic acid increasing glucose output the most (Figure 
54). The theoretical maximum glucose output yield results are not equivalent to grams per 
litre but are based solely on the amount of each external metabolite given to a model. 
Therefore although these results can be compared directly to one another, they cannot be 
compared directly to PB experiment results. They do, however, share a similar pattern in 
results with all four amino acids having a positive effect on glucose concentration (Figure 
52). Aspartic acid during in vitro experiments had some affect on glucose liberation, but 
performed the best during FBA.
Clavulanic acid production, using S. coelicolor cultures, carried out by Bushell et al, is an 
example of how this work could be taken further (Bushell et al., 2006). M etabolic flux 
analysis was used to design amino acid feeds that were predicted to enhance clavulanic acid 
yield (Bushell et al., 2006). This introduction of amino acids feeds to chemostat cultures of S. 
coelicolor led to an 18- fold increase in clavulanic acid yield (Bushell et al., 2006).
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6.4 The use of lignocellulose degradation products to induce cellulase enzyme 
activity and glucose liberation
S.viridosporus can liberate glucose from lignocellulose substrates, in the form of wood-flour 
and synthetic cellulose in the form  of Carboxymethylcellulose (CMC).
There is a significant difference between glucose liberation and enzyme activity in cultures 
where wood-flour was the carbon source, compared with those where CMC was the carbon 
source. M ore glucose and more cellulase enzyme activity were recorded in wood-flour 
based cultures. This could be due to  a difference in glucose concentration contained within  
the carbon sources or may be due to  interactions and presence of other compounds present 
within lignocellulose. Investigations were under taken to  study the effects on cellulose 
degradation and cellulase activity in presence of products from lignin and hemicellulose 
degradation.
W ork has already been carried out to  find inducers and repressors of cellulase activity in 
Streptomyces with mixed findings, suggesting that each Streptomyces species is affected in 
different ways. A clear summary of this was published in a review by Hodgson (Hodgson, 
2000).
Eight compounds were tested for enzyme inducing capabilities; cellobiose, vanillin, xylose, 
vannillic acid, ferulic acid, syringic acid, synapic acid and guaiacol. Syringic acid, ferulic acid, 
vanillin and vanillic acid are four major lignin- derived, aromatic compounds (Godden et a!., 
1992). These compounds were tested to determ ine w hether the products of lignin 
degradation could induce cellulase enzyme activity. The rationale behind this was that the  
protective layer of lignin needs to be degraded before the cellulose is exposed. It was 
hypothesised that the breakdown products of lignin might induce cellulase activity.
Synapic acid, a component of lignin, has presented inducing capabilities towards 
endoglucanase activity in cultures of another Streptomyces species (Godden et ol., 1989) 
and, therefore, has the potential to induce enzyme activity in S.viridosporus cultures. Xylose 
is the m onomer of xylan, which, in turn, is a building block of hemicelluloses. Xylose was 
tested for inducing abilities due to its liberation during hemicelluloses degradation. Evidence
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suggests that during lignocellulose degradation by fungal cellulases, there is a strong 
correlation between xylanase activity and endoglucanase activity (Berlin et al., 2005b). 
Cellobiose is the product of one cellulase enzyme and the substrate of another, in the 
cellulase enzyme complex (Tucker et al., 1992). Therefore, as it is a substrate for one of the  
cellulase enzymes, it could be assumed to have enzyme inducing capabilities on enzyme 
activity (Tucker et al., 1992). However, in many Streptomyces cultures the presence of 
cellobiose does not induce and may even repress enzyme activity (Hodgson, 2000).
A flask experiment was set up, using the Plackett-Burman Design (PB) to test the hypothesis 
that the breakdown products of lignin and hemicelluose could induce cellulase activity and 
give more of an insight into the complex relationship between lignocellulose components 
and cellulase enzymes.
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Figure 55: T-values of effect of variance of lignocellulose components on S. viridosporus 
biomass at 72 hours during a Plackett- Burman design experiment, calculated with 3 variable 
dummies. Experiments were carried out in aerobic stirred (350rpm) flasks (30ml) at 37°C 
using CMC as the sole carbon source. N=3.
The addition of syringic acid, vanillin and ferulic acid resulted in more biomass production 
than the control (Figure 55). All three are products of lignin degradation. There are two  
possibilities for this increase in biomass when compared with control.
158
One hypothesis is that S.viridosporus was able to  utilise them  as an additional carbon 
source. There is evidence to  suggest that actinomycetes cultures can use lignin degradation 
products as a carbon source during primary growth (Godden et a!., 1992). Ferulic acid is 
found cell in walls and is thought to  be one of the precursors of vanillin and associated with  
hemicelluloses and lignin (M ueller-Harvey et a!., 1986). It is a hydroxycinnamic acid, found 
in cell walls in relatively high concentrations (Clifford, 1999). Not only is it associated with  
lignocellulose but is also thought to be a precursor for antimicrobial compounds and signal 
molecules (Gasson et ol., 1998). Pseudomonas fluorescens is able to grow with ferulic acid as 
a sole carbon source (Narbad and Gasson, 1998), suggesting that the increase in biomass 
may be due to its utilisation as a carbon source. Some bacterial species, including some 
Streptomyces species (Yang et al., 2013) are able to convert ferulic acid into vanillin or 
vanillic acid via a tw o carbon cleavage (Gasson et al., 1998) presumably for a carbon source. 
Both Ferulic acid and vanillin have been shown to have antimicrobial capabilities towards a 
variety of species (Borneman et al., 1986; Barber et al., 2000; Fitzgerald et a i ,  2004) so the  
effects on biomass concentration may have involved a combination of stimulatory and 
inhibitory factors.
Syringic acid is one of the lignin monomers categorised as a syringyl phenol (Thevenot et al., 
2010). It has been detected in the culture supernatant during lignin degradation via 
Actinomycete species, including Streptomyces and shown to induce enzymes used in lignin 
degradation (Godden e ta l., 1992).
The second hypothesis is that the three compounds were inducing cellulase activity; 
increasing the amount of CMC degraded over tim e, which in turn liberated more glucose as 
a carbon source for growth.
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Figure 56: T-values of effect of variance of lignocellulose components on S. viridosporus 
culture supernatant glucose concentration at 72 hours during a Plackett- Burman design 
experiment, calculated with 3 variable dummies. Experiments were carried out in aerobic 
stirred (350rpm ) flasks (30ml) at 37°C using CMC as the sole carbon source. N=3.
Some of the flask cultures contained glucose in the supernatant; however they were at a 
lower concentration compared with the control flasks. Thus, all the compounds showed a 
negative result for liberated glucose detected in the supernatant (Figure 56). Unlike the  
chemostat cultures, these cultures were not in continuous mode and, therefore, all glucose 
liberated may be utilised subsequent to liberation. CMC degradation could not be 
measured, due to the size of the cultures and samples. However using the resultant biomass 
concentrations, it could be inferred that glucose had been liberated successfully from the 
CMC, but utilised completely by the culture.
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Figure 57: T-values of variance of effect of lignocellulose components on S. viridosporus 
total cellulase activity, including endoglucanase, exoglucanase and (3-glucosidase activity 
during a Plackett-Burman design experiment, calculated with 3 variable dummies. The 
experiment was carried out in aerobic stirred flasks at 37°C, containing CMC as the sole 
carbon source. N=3.
All three cellulase enzymes within the cellulase enzyme complex were tested for activity. 
Surprisingly, all of the compounds tested appeared to repress enzyme activity, compared 
with the control, when in combination during the PB experiment (Figure 57). Although none 
of these compounds had been tested prior to this study with S.viridosporus, some showed 
promising results in other published experiments. One example is synapic acid which, in 
experiments using Streptomyces species, had a significant effect on endoglucanase activity 
(Godden et al., 1989). The addition of cellobiose appeared to have a negative effect, 
reducing biomass concentration and enzyme activity. Being the product of endoglucanase 
activity it is possible that it could have had a repressive (feed-back) effect on exoglucanase 
activity while still acting as a substrate for (3-glucosidase. However, there is no literature  
precedent to support this hypothesis.
The methods used to detect enzyme activity, only tested extracellular activity in the culture 
supernatant. One theory for the lack of enzyme activity is that the cellulase enzyme complex 
is mostly bound to the mycelium, with only a minor component liberated into the  
surrounding supernatant or knocked from the cell wall due to the stirring motion of the
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culture. For example Streptomyces reticuli has cellulase enzymes associated with its 
mycelium, as well as releasing some activity into the environment (Wachinger et al., 1989). 
Lignin degradation by S.viridosporus has also been shown to include enzymes that are both 
cell associated and extracellular (Deobald and Crawford, 1987), suggesting that the same 
effect may apply for cellulose degrading enzymes.
Further explanations to these results may reside in the PB experimental design. When the  
components were combined during the PB experiment, they presumably interacted, 
potentially affecting growth, glucose liberation and enzyme activity. In support of this 
hypothesis, some of the test compounds are known to exhibit antimicrobial properties 
(Barber et al., 2000; Borneman et al., 1986; Odier and Rolando, 1985) and their combination  
may have resulted in synergistic antimicrobial effects. This hypothesis might explain the 
negative effect on biomass accumulation, observed in the cultures (Figure 55)
To test this hypothesis the components were added individually at the same concentration.
6.5 Lignocellulose components tested individually for cellulase inducing effects
o 0.5
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Figure 58: Effect of lignocellulose degradation products on biomass concentration of S. 
viridosporus cultures at 72 hours, during an aerobic, stirred (350rpm ) flask (30ml) 
experiment at 37°C, using CMC as the sole carbon source. The error bars represent standard 
deviation of the means based on three sets of replicas for each data point. N=3.
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W hen the compounds were added individually, nearly all produce more biomass compared 
with the control, but at similar concentrations to one another (Figure 58). This suggests they  
are either enzyme inducing, liberating more glucose as a carbon source or the culture is able 
to use them  as carbon sources, and increase biomass concentration. Of note, cellobiose, 
which was hypothesised to be an inducer of cellulase activity, produced on average less 
biomass than the control, with a significant error bar between biological repeats. The 
process involved in this experiment, using stirred flasks, m eant differences between the  
biological repeats was expected, due to  the nature of this organism and its tendency to form  
pellets and the subsequent variable microenvironments that surround them . Sinapic acid 
was also hypothesised to  be an inducer of endoglucanase activity, but biomass results 
suggest that its addition into culture media may have a toxic affect on growth. Sinapic acid 
has presented antibacterial activity at concentrations of 2 m M  against bacillus subtilis, 
Escherichia coli and Pseudomonas syringe (Barber et al., 2000) and may explain the toxic 
affects presented when at a concentration of 1 m M .
Ferulic acid and vanillin have been noted for their antimicrobial activity (Barber et al., 2000; 
Borneman et al., 1986), but the biomass concentrations produced suggest that they do not 
affect S.viridosporus growth at concentrations of 1 m M . Experiments using other bacterial 
species have highlighted the use of ferulic acid as a carbon source and may, again, explain 
the increase in biomass compared with the control (Narbad and Gasson, 1998).
Guiaicol and xylose have produced completely different results when tested individually, 
compared with the PB design experiment. Guaiacol is found in lignin, occurring naturally via 
the decarboxylation of vanillate (Crawford and Olson, 1978). Similar to ferulic acid, guaiacol 
may be being utilised as a carbon source. Published work has shown that bacterial isolates 
can be grown on guaiacol as a sole carbon source at a concentration on 1 nM (Gonzalez et 
al., 1986), the same concentration as used in this experiment. The experim ent also 
suggested vanillic acid could also be used as a carbon source by some bacterial species 
(Gonzalez et al., 1986). Guaiacol also shares a similar pattern with ferulic acid and vanillin in 
respect with its antimicrobial properties and toxicity (Odier and Rolando, 1985). It is possible 
the mixtures of all these compounds maybe have produced a toxic environment, reducing 
growth and cellulase activity found in the PB experiment.
163
Components of lignocellulose
Figure 59: Effect of lignocellulose degradation products on glucose concentration in S. 
viridosporus culture supernatant at 72 hours during an aerobic, stirred (350rpm ) flask (30ml) 
experiment, incubated at 37°C using CMC as the sole carbon source. The error bars 
represent standard deviation of the means based on three sets of replicas for each data 
point. N=3.
None of the compounds increased the amount of glucose in the supernatant (Figure 59). 
The most ideal result would be for the cellulase enzyme complex to liberate glucose at a 
faster rate than it can be utilised by S.viridosporus.
164
bO
D
'S'
1
(D
QJ
I
1.6 -, 
1.4 - j
1.2 - j
H
0.8 4
0.6 - I
0.4 -| 
0.2 -!
0
■  3-glucosidase
□  Endoglucanase
□  Exoglucanase
y s'
Components of lignocellulose
Figure 60: Effect of lignocellulose degradation products on S. viridosporus cellulase enzyme 
activity, including endoglucanase, exoglucanase and p-glucosidase, during an aerobic stirred 
(350rpm ) flask (30ml) experiment incubated at 37°C using CMC as the sole carbon source. 
The error bars represent standard deviation of the means based on three sets of replicas for 
each data point. N=3.
Cellobiose was hypothesised to be an inducer for cellulase enzyme activity, with conflicting 
results during preliminary experiments. The biomass concentrations from cultures 
containing cellobiose varied considerably between biological repeats and produced an 
average biomass concentration lower than the control (Figure 58). This result hinted that 
cellobiose may not have been the inducer it was hypothesised to be, however cellobiose 
and vanillin on average, did induce cellulase enzyme activity, when compared with the  
control (Figure 60). Synapic acid performed very poorly compared with the control, again 
this could be due to potential toxic effects as the biomass was also very low.
Vanillin presented promising results as an inducer for total cellulase enzyme activity, 
especially endoglucanase activity, when compared with the control. Some Streptomycetes 
can convert ferulic acid into vanillin, so it is surprising to see such a significant difference in 
enzyme activity between them . The results of the biomass concentration and enzyme 
activity may hint that the conversion of ferulic acid to vanillin can be used as a carbon 
source and that this bioconversion induces cellulase activity. However, if this was the case 
some enzyme activity would have been detected in the ferulic acid test flasks. In some cases
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vanillin has been shown to be an inhibitor of cellulase activity (Jing et a i ,  2009), but this 
does not appear to be the case for this organism, exposed at that concentration. This could 
be due to the ability of S.viridosporus to convert vanillin to vanillic acid (Pometto and 
Crawford, 1983).
Xylose is the monomer that makes up xylan, present in hemicellulose. In experiments using 
other Streptomyces species there has been a link between xylan presence and the induction 
of cellulase activity (MacKenzie et al., 1987). It was therefore hypothesised that xylose, the  
building block of xylanase, could also induce enzyme activity. Although enzyme activity was 
detected, it was not as high as the control, on average. A similar result was found when 
xylose was analysed as an inducer using Aspergillus species (Hrmova et al., 1989)
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Figure 61: Effect of lignocellulose degradation products S. viridosporus cellulase enzyme 
activity, including endoglucanase, exoglucanase and (3-glucosidase, of S. viridosporus 
cultures, per biomass gL '\ at 72 hours. Experiments were carried out using aerobic stirred 
(350rpm ) flasks (30ml) incubated at 37°C using CMC as the sole carbon source. N=3, 5% 
error used.
When total cellulase activity, per gram of biomass is calculated, only the addition of 
cellobiose presented inducing capabilities (Figure 61). The results show that cellobiose is a 
clear inducer of cellulase activity.
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6.6 Flux variability analysis
Using the JyMet software package, Flux Variability Analysis (FVA) was carried out using 
Genome Scale Metabolic Network (GSMN) analysis (Gurmundsson and Thiele, 2010). FVA 
can be used to  analyse the variations in flux reactions between tw o conditions; the upper 
(maxv) and lower limits (min^) of an array of fluxes that achieve the objective function in the  
simulation (Equation 15). Similar to  FBA, the objective function is a metabolic objective, 
such as biomass yield determined by the operator. During this type of analysis the flux 
reactions can be categorised in to  reactions that increase, decrease or stay constant 
between the tw o conditions. FVA uses linear programming (LP), with a solution of 2n LPs, 
assuming all reactions {n) are used (Gurmundsson and Thiele, 2010).
Equation 15: FVA program used to calculate the lower limit (M inJ  and upper limit (MaXy) for 
the flux of interest ( V j )  when S= m X n  matrix (m= metabolites & n= reactions) and v 
represents fluxes with v\ and Vu being the upper and lower bounds within the constraints 
set. y is a parameter, which controls w hether the analysis is carried out at sub- optimal (0  < 
y < 1) or optimal state (y= 1) (Gurmundsson and Thiele, 2010).
m axv/ miuv v/
Sv =  0
V l< V < V u
Using the data from FBA on the lower and upper limits of fluxes, using biomass as the  
objective function, FVA could be calculated. The model used cellobiose as the sole external 
carbon source.
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Figure 62: FVA using GSMN of S. viridosporus in Jymet, of biomass as the objective function 
from optimal to sub- conditions. The chart illustrates the percentage of fluxes that increase, 
decease, stay constant or never participated. Flux pathways that increase are thought to be 
inhibitory to biomass production, fluxes that decrease are thought to increase biomass 
production as an objective, but are not required for biomass output. Fluxes that stay 
unchanged are thought to be the minimum fluxes needed to produce the objective, 
biomass.
During FVA from the upper limit to the lower limit of fluxes, using biomass as the objective 
function, some flux reactions behave differently (Figure 62). The results state that 34% of 
the total fluxes within the model did not take part in the production of biomass in either the  
upper or lower limits. This suggests that those flux reactions have no influence on biomass 
production. A total 22% of the flux reactions produced the same flux in both conditions. This 
can be interpreted to suggest that these flux reactions are the minimum flux reactions 
required to produce biomass using cellobiose as the carbon source. The flux reactions that 
decreased during the lower limit are considered to be reactions that are not required for 
biomass production, but can be used to increase biomass production. Flux reactions that 
increase during the lower limit are thought to inhibit the flux to biomass and therefore need 
to be down regulated for the upper limit (maximum biomass yield).
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The same FVA method was carried out for glucose out as the objective function but 
analysing the change in fluxes from the lower to upper limits (Figure 63).
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Figure 63: FVA of the GSMN of S. viridosporus using Jymet with glucose output as the  
objective function from sub- optimal to optimal conditions. 40% of fluxes present in the 
model did not participate and are therefore thought to have no direct effect on glucose 
output. Fluxes that increase are thought to have a positive effect on glucose output but are 
not required. Fluxes that decrease are predicted to have an inhibitory effect on the 
objective function and fluxes that stay unchanged are hypothesised to be the minimum  
fluxes necessary for glucose output.
One of the aims of this project was to increase the amount of glucose liberated from  
cellulosic substrates while reducing the subsequent utilisation by the organism. One 
hypothesis was to reduce the amount of biomass produced by the organism, with more 
energy going towards the production of cellulase enzymes.
A proposed hypothesis, using the FVA data, would be to highlight any flux reactions that 
increase in the lower limit using biomass as the objective function and increase in flux 
during the upper limit glucose output. A list of these fluxes can be found on the CD ROM 
containing additional data. The flux reactions identified in this analysis have the potential 
for being targeted using metabolic engineering in order to re-direct flux reactions towards 
glucose output and away from biomass production.
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6.7 Chapter Summary
In summary, carbon- limitation has a negative effect on S. viridosporus, cellulase enzyme 
activity and glucose liberation rate from CMC. Nitrogen- limited cultures showed the most 
enzyme activity and the potential to  liberate glucose at a faster rate than utilisation, which 
was the aim of this experiment. A positive control, containing an excess of phosphate, 
nitrogen and carbon may have benefited this experiment. It may have shown if it was the  
nitrogen- limitation that was affecting the results or the abundance of phosphate and 
carbon. To take this further, different sources of phosphate and nitrogen could be examined 
for their effect on glucose liberation as published data has shown the source can effect 
growth, secondary metabolites and potentially, primary metabolism (Merrick and Edwards, 
1995; Sanchez and Demain, 2002).
Experiments using the PB design found that the addition of the amino acid phenylalanine 
had a positive effect on endoglucanase activity, with the addition of phenylalanine, aspartic 
acid, serine and valine increasing glucose concentration in culture supernatant (Section 6.3). 
This suggests that the addition of these amino acids to  the culture medium may increase 
glucose liberation from cellulose substrates. These results were complemented by similar 
findings during FBA on the GSMN model. However, how these amino acids increase glucose 
concentration is not fully understood. One hypothesis is that the phenomenon is linked to  
the energy costs to the cell when synthesising the amino acids and their subsequent 
involvement into the construction of the cellulase enzymes, such as endoglucanase.
Lignocellulose components have the ability to  induce cellulase activity, however, the  
inducing capabilities of these components vary between cellulolytic microorganisms 
(Hodgson, 2000). These experiments have shown that the lignocellulose degradation  
compounds studied have different effects on cellulase induction when administered in 
combination compared with when administered individually (sections 6.4 and 6.5.). The 
data also suggested that when administered in combination the concentration of culture 
biomass is reduced. One possible explanation for this decrease in biomass concentration is 
that, when combined, the lignin degradation products work in synergy, having toxic effects 
on the cellulolytic organism. For example, vanillin is thought to  disrupt bacterial cell
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membranes, causing a loss in chemi-osmotic control (Fitzgerald et al., 2004). It is possible 
that this disruption via the action of vanillin allows for the passage of compounds such as 
guaiacol, ferulic acid and syringic acid across the cell membrane so that, despite not 
presenting toxic characteristics singly, they are toxic once inside the cell. The Plackett 
Burman design can only be strictly applied when the variables being investigated are 
independent (Plackett and Burman, 1946). In this case the variables have proved not to be 
truly independent, with results suggesting interactions between variables. However, the  
ranking obtained provided a useful hypothesis-generator.
Although cellobiose appears to be significant inducer for enzyme activity, more experiments 
are required to elucidate how it has an effect on the enzyme and the parameters 
surrounding it.
Flux variability analysis was carried to investigate the change in fluxes during lower and 
upper limits using biomass as the objective function followed by glucose output as the  
objective function. This type of analysis highlighted the differences in flux reactions between  
the tw o conditions, which could then be analysed stating the percentage of flux reactions 
take part in fulfilling the objective and the percentages that change, either increasing or 
decreasing in flux. A proposed hypothesis for the data acquired was to detect any flux 
reactions that decreased during biomass upper limits and increased in the upper limit 
glucose output. These fluxes could then be targeted, forcing flux reactions towards glucose 
output and away from biomass production.
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Chapter 7: Conclusions
7.1 Chapter overview
W ith an increased awareness of reducing fossil fuels and the heightened interest in 
alternative fuels, such a biofuels, this project, funded by a BBSRC initiative, examined the  
potential of using Streptomyces viridosporus cultures to  liberate ferm entable sugars from  
lignocellulose substrates, which could then be utilised for the production o f bioethanol. The 
achievements of this project are summarised within this chapter. The chapter also includes 
suggestions for further work that may give more understanding of the lignocellulose 
degradation process and a pathway to improvements in glucose liberation.
7.2 Achievements of this work
S. viridosporus was selected for this project due its natural ability to degrade lignin and 
produce cellulase enzymes (Ramachandra et al., 1988). Preliminary experiments using 
wood-flour as a lignocellulose substrate produced promising results, with liberated glucose 
being detected in culture supernatant. These results demonstrated that S. viridosporus was 
able to liberate glucose from wood-flour at a faster rate than subsequent utilisation by the  
culture. Subsequently glucose was left in the culture supernatant as a potential substrate for 
bioethanol production. One of the main limitations of current processes using lignocellulose 
substrates for bioethanol production is pre-treatm ents of the substrates before cellulose 
hydrolysis can take place (Biello, 2011). These pre-treatm ents are required for the hydrolysis 
of the protective layer of lignin surrounding the cellulose and hemicellulose. These 
treatm ents can account for up to 30% of total process cost due to the required high 
tem peratures, high pressures and addition of harsh chemicals, but also additional 
operational costs such as equipment maintenance and replacement due to corrosion (Yang 
and W yman, 2008; Kumar et al., 2009). S. viridosporus is a natural lignin degrader (Crawford 
et al., 1982), eliminating the requirem ent of a harsh pre-treatm ent. Another benefit of S.
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viridosporus being able to degrade lignin as well as producing cellulases is that the two  
hydrolysis steps can be merged, simplifying the process.
Using wood-flour flask experiments inoculated with chemostat cultures of 5. viridosporus, 
this study identified a correlation between pre-culture growth rate and glucose liberation 
from the lignocellulose substrate. Glucose concentration in culture supernatant in the  
wood-flour flasks increased with pre-culture growth rate. One of the disadvantages of using 
microbial cultures on an industrial scale for the hydrolysis of cellulose substrates is the  
subsequent utilisation of the liberated glucose by the culture, leaving less available sugars 
for bioethanol production (Saratale and Oh, 2012). The larger the difference in the rate of 
glucose liberation and the rate of subsequent utilisation by the microbial culture therefore, 
the more ferm entable sugars available for bioethanol production. This study identified a pre 
culture with a growth rate of 0 .1 3 h '\ the fastest growth rate investigated, produced the  
most glucose in culture supernatant indicating a larger difference in glucose liberation rate 
compared with utilisation rate.
Electron micrographs taken of wood-flour samples during flask experiments, inoculated with  
S. viridosporus, illustrated the attachm ent of hyphae to  fibres (presumably cellulose) within  
the wood, and it was hypothesised that this is necessary for the degradation of cellulose. It 
is hypothesised that S. viridosporus synthesises cellulase complexes attached to  hyphae, 
known as cellulosomes, similar to those identified on S. reticuli (Wachinger et al., 1989). This 
hypothesis of the presence of cellulosomes, and the attachm ent of hyphae to  w ood-flour 
fibres, may also explain some of the low cellulase activity in culture supernatant during 
experiments using wood-flour.
During this study a prolonged continuous culture was successfully used for strain 
degeneration of S. viridosporus, producing a more homogenous culture. The technique has 
been used in the past to reduce the pelleting of Streptomyces species (Roth and Noack, 
1982) and was successfully applied in this study. A disadvantage of using Streptomyces 
species in any process is their tendency to  form pellets in submerged cultures (Hobbs et al., 
1989). It was hypothesised that a more homogenous culture would have the ability of 
liberating glucose from lignocellulose at a faster rate due to  the increased surface area of
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hyphae that can attach to  the lignocellulose. Although a more homogenous strain of S. 
viridosporus was selected, there were no significant advantages in the liberation of glucose 
from lignocellulose.
Experiments using culture medium with limitations in carbon, phosphate and nitrogen 
sources were used to investigate cellulase enzyme induction, in an attem pt to  increase the  
rate of glucose liberation. This study highlighted that culture media containing a limited 
nitrogen source produced the most cellulase enzyme activity. This finding suggests that 
reduced nitrogen availability may induce cellulase activity, the hypothesis being that the  
more cellulase activity, the faster the rate of glucose liberation from lignocellulose 
substrates. A Similar result was found during experiments using the fungus Phanerochaete 
chrysosporium hypothesising that the synthesis of some proteins used for ligninolytic 
enzymes were initiated by nitrogen starvation (Keyser et al., 1978), however, conflicting 
results have also been found (Henriksen and Breland, 1999).
Using PB design, a multi-factorial experimental design, experiments testing the effect of 
amino acids on cellulase activity and glucose liberation, indicated that the addition of 
phenylalanine, serine, valine and aspartic acid to the culture media may increase the rate of 
glucose liberation. This result was complemented by in silica flux balance analysis, using the 
GSMN, which indicated the addition of these selected amino acids had the potential to  
increase glucose output. How the addition of these amino acids affected glucose liberation 
is not fully known, but one hypothesis reflects the energy cost saved by the organism, by 
not having to synthesis them  intracellularly (Burkovski and Kramer, 2002).
The PB design was also used to analyse the effects of components released during 
lignocellulose degradation and their effect on cellulase enzymes and S. viridosporus cultures. 
The aim of this was to detect components that induced enzyme activity and subsequent 
glucose liberation. Negative effects were also analysed, such as antimicrobial activity or 
enzyme inhibiting qualities. Throughout experiments using S. viridosporus, cellulase activity 
concentrations, in experiments using CMC as the cellulose substrate, were significantly less 
when compared with activity in cultures using wood-flour as the cellulose source. Similar 
findings have been published during experiments using straw as the cellulose substrate, 
which found that the straw, in its entirety, was a better inducer of cellulase enzymes than
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individual components (Godden e t ol., 1989). Further research testing the activity of 
peroxidases for lignin degradation, identified that the peroxidase enzymes were more 
efficient when exposed to  whole lignocellulose substrates than separated lignin substrates 
(Ramachandra et al., 1988). The PB design highlighted the synergy between components of 
lignocellulose, with some components having different effects when added to the culture 
medium singularly. The results from these PB design experiments also reiterated the  
complex relationships between lignocellulose components and their interactions with  
cellulase enzymes and cellulolytic organisms.
Genome sequencing was carried out on both the original strain and on a spontaneous 
selectant strain that emerged during a prolonged continuous culture. The selected strain 
produced a more homogenous culture, reducing the negative effects of pelleting (Hobbs et 
a!., 1989). Comparisons of the tw o genomes found eight genes to be present in the original 
strain and absent in the selectant. A hypothesis for the absence of these genes in the  
selected strain was that they may not have been required for growth under the condition 
set or alternatively had a detrim ental effect.
Using the genome data a GSMN model was produced that was used to  carry out in silica 
analysis, including FBA and FVA. FBA was used to  compliment experiments testing the  
addition of amino acids on glucose liberation and cellulase activity, using CMC as the carbon 
source. FVA was used during this study to identify flux pathways that increase in the lower 
limit using biomass as the objective function and increase during the upper limit of glucose 
out as the objective function. The hypothesis was that these fluxes could be used as 
potential targets for metabolic engineering in an attem pt to re-direct flux reactions flux 
reactions towards glucose output and away from biomass production.
The most significant achievement of this project was the identification of conditions that 
cause the natural lignin degrader, S. viridosporus, to liberate glucose from  lignocellulose at a 
rate faster than subsequent utilisation. The benefits of using S. viridosporus to  degrade 
lignocellulose substrates for bioethanol production include the significantly reduced pre­
treatm ent requirements, simplification of the method and a more environmentally sound 
process. However, more research is necessary to obtain rates and yields th at are 
commercially attractive.
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7.3 Further investigations
7.3.1 Inhibition of glucose uptake by S. viridosporus
One of the disadvantages of using microbial cultures for the degradation of lignocellulose 
substrates is the utilisation of some of the liberated sugars by the culture for growth. 
Although experiments during this study have found this can be reduced by employing higher 
growth rates of the culture there is still room for improvement and further investigations.
Screening of the S. viridosporus genome detected the presence of the Ceb gene, associated 
with a novel ABC transporter that is specific for the uptake of cellobiose and cellotriose 
(Chater et al., 2010). Screening also found the gene GlcP, a gene associated with the major 
glucose uptake system in S. coeiicolor A3{2) (Van Wezel et al., 2005).
Using this data from the genome sequence one suggestion for future work is to  stop glucose 
uptake by S.viridosporus by either the deletion of GlcP genes or inhibition of the transport 
system. This would force the organism to rely on the ABC transport system for cellobiose 
and cellotriose uptake. The organism would still be able to  grow, using the cellobiose and 
cellotriose as carbon sources, but glucose liberated by secreted cellulase complexes would 
remain in the culture supernatant.
There are several considerations that would need to be taken, for example, the increased 
concentration of glucose in the culture supernatant may repress cellulase enzyme activity, 
due to end product repression, reducing the organisms' efficiency at breaking down 
lignocellulose substrates. Another consideration is the effect of deleting glucose transport 
on other systems within the cell, for example the onset of sporulation and morphology 
(Rigali et a!., 2006). Preliminary investigations using the GSMN found that the deletion of 
glucose uptake from the organism would reduce biomass concentration and glucose output; 
this result would be expected due to the reduced am ount of carbon uptake into the cell. The 
model did, however, indicate that the organism was still able to grow, with biomass still 
being produced. On a commercial scale considerations such as strain stability would also 
need to be investigated.
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7.3.2 Chemostat design for wood-flour experiments
Experiments during this study found that there was a correlation between glucose 
concentration, presumed to be liberated from  wood-flour, and the growth rate of the S. 
viridosporus pre- culture. Synthetic cellulose, CMC, was used as the cellulose source for 
cultures within the chemostat system. One of the reasons for using CMC in the chemostat 
was due to limitations of some of the equipm ent. For example, the peristalsis pumps that 
were used for the addition of new culture media into the vessel do not cater for solutions 
containing insoluble components. There were also concerns that wood-flour particles would 
block pipes within the chemostat system creating difficulties in the everyday running of the  
system.
In order to take investigations further in the context of culture growth rate and its effect on 
glucose liberation, there would need to be the ability to  use wood-flour as the cellulose 
substrate within the chemostat system.
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Figure 64: Design for a chemostat vessel to hold lignocellulose substrates such as wood-flour 
within a cage. This design would enable insoluble lignocellulose substrates to be used during a 
continuous culture. The cage would insure that the insoluble substrate would still be exposed 
to the bacterial culture but reduce the blocking of sample lines.
To overcome the limitations of using peristalsis pumps and the blocking of pipes, some 
alterations to the chemostat components may make the system available for the running of 
chemostat cultures using wood-flour as the carbon source. One idea is to attach a cage to  
the bottom of the spindle located in the middle of the working vessel which is used to rotate  
the impeller blades (Figure 64). This cage, based on a tea infuser, would contain the wood- 
flour particles. This design would mean no other pieces of chemostat equipm ent would 
need to be changed due to the insoluble of the wood- flour particles being contained within
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the cage. This containment of wood-flour particles would mean supernatant samples could 
be taken using the procedures outlined in the method and materials chapter.
The cage design would mean the S. viridosporus culture would still be able to  attach to the  
wood-flour and the blades on the sides would mean the culture was agitated to  an extent. 
This type of set-up would also mean supernatant containing glucose would be transported  
out of the vessel down the waste tube, with the possibility of developing this system to  
transport the waste, containing the glucose, into another vessel containing yeast, using the  
SHF technique. This process may also reduce catabolite repression of the cellulase enzymes 
via the liberated glucose and reduce the toxic effects of lignin degradation, with both 
glucose and other liberated components being diluted and washed away by to the addition 
of new culture media.
There are still other factors that would still need to be considered. For example, because the  
carbon source, in the form of wood-flour would be present in the chemostat at all times the  
growth rate could not be controlled by carbon limitation, but another factor, presumably 
nitrogen or phosphate would need to be used. Fresh culture medium would still need to  be 
pumped in to the vessel, containing phosphate and nitrogen sources as well as trace  
solutions required for S. viridosporus growth.
Another limitation with this system is that it would not be possible to re-fill or replace the  
wood-flour within the cage during a chemostat experiment. For a commercial scale the  
chemostat design would need to be adapted to  ensure an easy route for the replenishment 
of the wood-flour. Experiments into the culture media containing other nutrients would also 
need to be examined to identify the minimal amount of components and concentrations 
necessary, reducing the costs of the process.
7.3.3 Closing the S. viridosporus genome
The DNA sequence of the 'selected' strain, isolated by the application of prolonged 
continuous culture, was sequenced using the Illumina method by the University of Brunei 
and assembled using Spades Genome Assembler (Bankevich et ai., 2012). Although the  
genome was assembled it was not completed, leaving gaps within the sequence (Dale and 
von Schantz, 2007). The presence of these gaps m eant that the comparisons made and
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more importantly the genome scale metabolic network model may have also contained 
gaps in the data. Although the model was used, a more accurate model could be created 
using a completed genome sequence. There are a number of techniques that can be used to  
fill gaps within genome sequences. For small gaps prim er walking can be applied to  extend 
the sequence sections (Dale and von Schantz, 2007). As described in the introduction 
chapter primer walking is based on the principle of inserting newly designed primers that 
start synthesis further along the sequence. The additional length of sequence produced by 
the newly designed primer can then be used to  produce another primer that starts further 
long the sequence again. This procedure would continue with each new primer designed 
extending the sequence (Dale and von Schantz, 2007). PCR can also be applied to bride 
relatively small gaps, but only when sequences either side of the gap are known. For larger 
gaps methods using super vectors and transposons can be applied. Super vectors carrying 
bacterial artificial chromosomes can be inserted to large bridge gaps up to hundreds of 
killobases long (Dale and von Schantz, 2007). Transposons are mobile genetic elements that 
are able to  insert themselves anywhere along a DNA sequence. Using this ability, universal 
primer sequences can be embedded into them  enabling synthesis to start at different 
locations along the sequence (Dale and von Schantz, 2007). As well as these manual 
methods, computer programs can be applied to correct mismatching of Contigs and bridge 
gaps between Contigs (Nikolenko e ta l., 2013; Gordon e ta l., 1998).
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Appendix 1: Acidothermus cellulolvticus
Experiments using Acidothermus cellulolyticus
Initially Acidothermus cellulolyticus {A. cellulolyticus) was the organism of choice for this 
project. The species produces 3 heat stable cellulases that can withstand tem peratures  
between 20°C and 110°C (Tucker et al., 1992). Not only are the enzymes heat- stable but 
they are active between pH 2-9 (Tucker et al., 1992). The stability of the cellulase enzymes 
and the optimum growth tem perature of 55°C and a pH of 5 made this organism an ideal 
candidate for ideal for lignocellulose degradation bioprocess as its resistance to extreme 
conditions would allow it to survive in conditions lignocellulosic substrates had undergone 
acidic and elevated tem perature pre-treatm ents.
Growth of Æ cellulolyticus in liquid culture
Preliminary tim e course experiments were carried out in order to study the tim e-dependent 
physiology of the organism. The culture had been obtained from American Type Culture 
Collection (ATCC) and grown using the recommended culture media and conditions stated.
Despite growth being observed in liquid culture, samples taken failed to form  colonies on 
agar plates, therefore, it was not possible to quantify culture viability, which appeared low  
when optical density measurements were taken.
In order to  address the problem with forming agar cultures and increase growth in general, 
liquid cultures were incubated at 55°C, comparing the recommended culture media; Low 
Phosphate Basal salts M edium  (LPBM) and a modified LPBM based media that contained 
glucose instead of cellobiose (LPBM-G). The cellobiose was replaced with glucose, w ith the  
hypothesis being that the introduction of a simple monosaccharide, compared w ith a 
disaccharide would mean less energy would be used on uptake and breakdown within the  
bacterial cell. These cultures were inoculated with A. cellulytlcus that had been grown for 72 
hours in LPBM media at 55°C.
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Figure 65: Biomass concentration, estimated using culture optical density o f /\ .  cellulolyticus 
during a batch culture in LPBM and LPBM-G media in stirred flasks (SSOrpm) at 55°C. N=3.
Optical density results indicated that replacing cellobiose with a simple monosaccharide, in 
the form of glucose, does not promote higher yields of A. cellulytlcus (Figure 65). The 
replacement with glucose clearly demonstrated a negative effect on growth. As cellobiose is 
a breakdown product of cellulose, and cellulose is the main carbon source in LPBM media, 
the assumption was that the disaccharide would have acted as an inducer for cellulase 
enzymes. Although optical density increased over tim e in LPBM media the culture the  
absorbance was thought to be relatively low (Figure 65). W hen A. cellulolyticus strain IIB ^  
(ATCC 43068) was first isolated from Yellow Stone National Park they used optical density 
readings at wave length 640 nm with low absorbance also being recorded over tim e  
(Mohagheghi et al., 1986). The pattern of growth observed here was slightly different, 
peaking at 42h with an optical density of 0.8, when grown in the same culture media at 55°C  
(Mohagheghi et al., 1986). The paper does suggest however, using modified Lowry assay for 
protein concentration when using insoluble cellulose as a carbon source (Mohagheghi et al., 
1986).
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Growth of A. cellulolyticus on solid culture media
The lack of growth on solid culture media, in the form of agar plates, compromised the  
detection of contaminants and confirmation that the organism growing in liquid culture is, 
in fact, the intended species.
Agar was added to LPBM media, following the recommendations of ATCC. Spread plates 
were produced and incubated at 55°C for tw o weeks, with plates being examined for colony 
growth every 24 hours. To slow the drying out of agar, w et cotton wool was added and 
replaced to the bottom of the stack of plates. The strain was first isolated on agar plates 
made from  the same culture media and incubation conditions, during which zones of 
clearing could be identified around the colonies due to degradation of the insoluble 
cellulose within the culture media (Mohagheghi et a!., 1986). After tw o weeks incubation no 
growth had occurred on LPBM plates. Alterations to the culture media were made and 
incubation conditions varied in an attem pt to  promote growth. These alterations included 
the replacement of Sigmacell 50 powered cellulose with carboxymethylcellulose (CMC), 
using media at a range from pH 4 to pH 7 and tem peratures 30 and 37°C. Another culture 
medium; Mineral salts solution was tested and a new vial of the organism was ordered from  
ATCC but still no growth occurred.
The physiology of the species was investigated using a computer simulation of the Genome 
Scale Metabolic Network, derived from its published genome sequence (M.Bushell, personal 
communication). According to  the results predicted by the simulation, there w ere restricted 
combinations of oxygen uptake rates and growth rates that would have allowed significant 
glucose liberation from cellulosic substrates (Figure 6 6 ) with optimum hydrolysis taking  
place at low growth rates and a narrow range of microaerophilic conditions. Presumably, 
our attem pts to grow, and particularly to plate out the strain were not made under these 
precise conditions.
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Figure 66: Output from a computer simulation of glucose liberation from cellulose using a 
Genome Scale Metabolic Network, derived from the published genome sequence of 
Acidothermus cellulolyticus, carried out by M Bushell. The ''saddle" of the surface indicates 
the narrow range of growth rates and oxygen uptake rates that will allow the species to 
utilise its substrate.
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